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Heelal 
 
Hoe verder men keek, 
hoe groter het leek. 
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What drives ecosystems? 
Since primeval ages, people have been interested in what drives the ecosystems 
around them, sometimes from a harvesting point of view, sometimes just out of 
plain curiosity. Nowadays, ecologists are studying ecosystems on a professional 
basis, mainly to understand how plants and animals coexist with their 
environment. An important insight gained during the first half of the 20th 
century, was how ecosystems acquired and managed their energy (Elton 1927; 
Lindemann 1942). With the sun as source of energy, ecosystems are in principle 
self-supporting. Primary producers, plants, are able to use solar energy and 
convert it into biomass. Next, this plant biomass is consumed by plant-eaters, 
the herbivores (secondary producers). Herbivores in turn are consumed by other 
consumers, such as predators (carnivores), parasitoids, parasites and pathogens 
(tertiary producers); these tertiary consumers are consumed by higher-order 
consumers, and so on. Furthermore, the dead biomass of all these organisms, 
detritus, is consumed by detritus-eaters, the detritivores. By breaking down 
detritus, the detritivores make energy and nutrients available again for 
primary producers. Different organisms can thus be arranged in so-called 
trophic levels: primary producers are the first trophic level, secondary 
producers the second tropic level, etcetera, and ecosystems can be described in 
terms of energy or biomass flow. The trophic level concept allows us to develop 
ecological theories on what drives ecosystems, and to test those theories with 
data from ecosystems as different as tropical rain forests, deserts, oceans and 
ponds. 
 
The green world 
An ongoing discussion in ecology revolves around how the average abundance of 
organisms in ecosystems is determined by predation from organisms from 
higher trophic levels (top-down control) and/or by the amount of available 
resources, such as sunlight, nutrients and/or food organisms (bottom-up control). 
In 1960, Hairston et al. came with their „green world‰ hypothesis, also referred 
to as the HSS (Hairston, Smith, and Slobodkin) hypothesis. The world around 
us looks green because herbivores are being kept at low levels by their 
predators, so that plants are able to dominate and colour the world (Hairston et 
al., 1960). The exploitation ecosystem hypothesis (EEH, Oksanen et al., 1981) 
extended this hypothesis by first noticing that large parts of the world are not 
green at all. Often, there is not enough plant productivity to support herbivores, 
let alone carnivores. Only by enrichment of low-productive systems, higher 
trophic levels are enabled to exist. Thus, the world may be barren in low- or 
unproductive areas (bottom-up control), partially green in areas where primary 
production supports herbivores (plants are top-down controlled), or green in 
areas where plants, herbivores and carnivores can co-exist (herbivores are top-
down controlled, Fig. 1.1). Thus, plants are bottom-up (light, nutrient) 
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controlled in uneven-trophic level systems, and top-down (herbivore) controlled 
in even-trophic level systems (compare relative sizes of spheres in Fig. 1.1). 
 
The real world 
Although the „green world‰ hypotheses received some empirical support (Power, 
1990; Estes et al., 1998), many ecosystems did not seem to follow their 
predictions. This is due to the fact that plant biomass often remains bottom-up 
controlled by factors as sunlight and climate, and that top-down regulation by 
herbivores and their predators often is rather weak (Polis, 1999). The HSS and 
EEH hypotheses require strong top-down regulation by herbivores on plants, by 
carnivores on herbivores, etc. (Fig. 1.1). Top-down effects are often not that 
strong, with the exception of aquatic ecosystems (Strong, 1992), but even lake 
ecosystems often do not show the proposed alteration between bottom-up and 
top-down control with increasing numbers of trophic levels. Instead, a rather 
gradual increase in top-down control and decrease in bottom-up control with 
food chain length has been found (McQueen et al. 1986, 1989, 1990). 
 
1. plants
2. herbivores
3. primary carnivores
4. secondary carnivores
resource level  
Figure 1.1. Food chain length and relative magnitude of interaction strength with increasing (plant) resource levels, as predicted by 
the EEH hypothesis. Bold arrows indicate strong interactions, thin arrows indicate weak interactions, and size of spheres at a trophic 
level indicates biomass of organisms at that particular trophic level. 
The majority of global plant production is not consumed by herbivores, but 
simply dies off and ends up as detritus (Polis, 1999). This leaves the question 
why herbivores are unable to profit from this abundance of food. Among the 
major factors are plant defences (Polis, 1999), which may prevent herbivores 
from exploiting a large part of the plant biomass. Murdoch (1966) already 
criticised the HSS hypothesis by stating that plants have various defence 
mechanisms to resist grazing by herbivores. Pimm (1991) paraphrased this 
critique as „the world is prickly and tastes bad‰. Although we have detailed 
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knowledge about the existence of numerous types of defences in the field, their 
implications for real world communities are unknown. Leibold et al. (1997) 
suggested an increasing proportion of plant defences with increasing resource 
levels. It may very well be that defences form a „missing link‰ in our attempts 
to understand the biomass response of different trophic levels to resource 
enrichment. 
 
The dynamic world 
Where the green-world hypothesis and follow-ups assumed equilibrium 
conditions when predicting the biomass of different trophic levels, the real 
world is rarely in equilibrium. Even without changing external conditions, the 
abundance of species in ecosystems may change continuously. Rosenzweig 
(1971, 1973) showed that with increasing resource levels, predator-prey systems 
tend towards greater instability, the so-called „paradox of enrichment‰ 
(Rosenzweig, 1971). High resource levels stimulate rapid prey growth, and prey 
organisms grow more rapidly than predators. Most prey organisms will escape 
predation until they reach their own carrying capacity, i.e. the maximum prey 
biomass that can be supported by available resources. From that moment 
onwards, prey will be exploited to the maximum by their predators. This slows 
down or stops the population growth of the prey organisms, whereas predators 
now catch up and increase at maximum rates. This causes an overshoot of 
predators, which will eat away most of their prey, slowing down predator 
growth. The prey collapse then leads to a collapse of the predators themselves, 
and this process may repeat itself in predator-prey cycles. Higher resource 
levels for prey thus increase the risk of prey escaping predation control, thus 
increasing the risk of predator extinction (Rosenzweig, 1971). 
In response to Rosenzweig (1971), experimental ecologists that were 
enriching lakes to increase fish yield did not observe such a destabilisation and 
wondered: „Why does nature not collapse?‰ (McAllister et al., 1972). The 
amplitude and period of the predator-prey cycles of RosenzweigÊs paradox of 
enrichment did not correspond with observations done on algae-zooplankton 
populations (Murdoch & McCauley, 1985; McCauley & Murdoch, 1987, 1990). 
On the other hand, laboratory studies revealed that increasing resource levels 
could very well lead to destabilisation (e.g. Luckinbill, 1973). This apparent 
discrepancy stimulated a quest for mechanisms that could be potentially 
stabilising predator-prey dynamics in nature (e.g. Murdoch et al., 1998). 
In principle, any mechanism causing heterogeneity in the availability of 
prey to predators can potentially stabilise predator-prey cycles. Prey 
heterogeneity works twofold: 1) heterogeneity can prevent a predator to grow 
faster than its prey and overshoot, when the prey is partly inaccessible to the 
predator, and 2) inedible/inaccessible prey competes with edible/accessible prey 
for resources, which lowers the effective carrying capacity for their predators. 
Many organisms have developed a variety of defences against predation. Prey 
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defences may be a mechanism that creates heterogeneity, given that both 
defended and undefended prey types are present, and may thus stabilise 
ecosystems (Kretzschmar et al., 1993; Abrams & Walters, 1996; Murdoch et al., 
1998). Empirical support for the stabilising properties of this type of 
heterogeneity has been found in plankton systems where inedible and edible 
algal species co-occur (McCauley et al., 1999; Persson et al., 2001). Again, 
defences appear to be an important mechanism in understanding the response 
of ecosystems to changing resource levels. 
 
no defences inducible 
defences
constitutive 
defences
predator
prey
 
Figure 1.2. No defences (left) and constitutive defences (right) both lead to a static food chain, whereas inducible defences (centre) 
cause dynamic heterogeneity. Bold arrows represent strong interactions, thin arrows weak interactions, and dotted arrows 
transitions between defended and undefended morphs. 
Defence strategies 
Predation is one of the factors that have the most immediate effects on the 
survival of species: if an individual is eaten, it cannot produce new offspring 
anymore. Therefore, many organisms have developed a wide variety of defences 
to avoid predation by higher trophic levels. Defences may be important for both 
ecosystem structure and dynamics under changing resource levels. In the 
following paragraphs I will evaluate the population and food web consequences 
of different ÂplantÊ defence strategies in aquatic systems. 
To start with, it is important to distinguish the basic defence strategies 
that organisms may possess: no defences, constitutive (permanent) defences 
and inducible defences (Fig. 1.2). Inducible defences are defences that only 
develop after the prey has received a cue of predation, e.g. the smell of its 
predator. In the absence of this cue, defences do not develop or disappear again. 
Inducible defences have been found in many species, taxa and ecosystems 
(Karban & Baldwin 1997; Kats & Dill 1998; Tollrian & Harvell 1999). 
Interestingly, inducible defences create heterogeneity within a single, spatially 
homogeneous population (Figure 1.2). This means that even within a simple 
two-species predator-prey system, inducible defences could already lead to 
stabilisation of population dynamics (Vos et al., 2004a, Verschoor et al., 2004, 
chapter 8). Moreover, inducible defences may also affect the average densities of 
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trophic levels to enrichment by changing the balance between bottom-up and 
top-down control, both directly as a result of defences and indirectly as a result 
of the heterogeneity within the system. 
For inducible defences to evolve, four conditions need to be met (Harvell, 
1990; Tollrian & Harvell, 1999): 1) There should be variability in predation 
strength; 2) The defence should be effective; 3) There should be a reliable cue 
associated with predation; and 4) The defence should have associated costs. 
If predation strength would be constant, it would be more beneficial to 
have a constant strategy, i.e. either no or constitutive defences. Assuming that 
there are costs to the possession and development of defences, the highest 
fitness will be achieved by being undefended when defences are not necessary, 
and only to develop defences when really required. If there would be no costs of 
defences, but still defensive benefits, the optimal strategy would be to be 
constitutively defended. 
 
Defences in a pelagic model food chain 
I chose to study the different defence strategies in an aquatic model food chain 
in the laboratory, consisting of green algae (Scenedesmaceae), herbivorous 
rotifers (Brachionus calyciflorus), and (occasionally) carnivorous rotifers 
(Asplanchna brightwelli). 
The model „plants‰ are members of the Scenedesmaceae (Chlorococcales, 
Chlorophyceae), a cosmopolitan freshwater phytoplankton family that generally 
is considered as good food for zooplankton. The discovery of morphological 
variability within the Scenedesmaceae did not only have implications for their 
taxonomy, but also for the role of the Scenedesmaceae in the ecosystem (Trainor, 
1998). Hessen and Van Donk (1993) discovered that grazing by the herbivorous 
cladoceran Daphnia could change unicellular Desmodesmus subspicatus into 
multicellular colonies within 48 h. And not only grazing, but also filtrate from 
grazing Daphnia (a cue of herbivory) induced colonies in this species (Hessen & 
Van Donk, 1993). Shortly after that, Lampert et al. (1994) demonstrated 
Daphnia-induced colony formation for Scenedesmus obliquus. Lürling (1999) 
demonstrated the protective benefit of Daphnia-induced colony formation in S. 
obliquus, and gave a wealth of new information on the ecology of S. obliquus. 
Inducible colony formation appeared to be mainly effective against small 
zooplankton (Hessen & Van Donk, 1993; Lampert et al., 1994, Lürling, 1999; 
Van Donk et al., 1999). Colonies in S. obliquus can be induced by many 
herbivorous zooplankton species, but Daphnia-inducible colony formation is not 
universal within the Scenedesmaceae (Lürling, 1999; Van Donk et al., 1999). 
For example, the family has many members that are quite large, spiny, or 
covered with bristles, which can be considered as constitutively defended, and 
also members that are easily ingested, and as such can be considered as having 
no defences. This makes the Scenedesmaceae suitable candidates for 
investigation of different defence strategies. 
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The freshwater rotifer Brachionus calyciflorus is an excellent model 
species to study different defence strategies in Scenedesmaceae. This small 
herbivore co-occurs with Scenedesmaceae in eutrophic lakes, ponds and rivers 
(Pourriot, 1965; Jeppesen et al., 1990; Gosselain et al., 1998) and occasionally 
has a severe impact on the phytoplankton of these systems (Jeppesen et al., 
1990; Gosselain et al., 1998). Compared to Daphnia, it has a smaller size, 
reduced swimming speed and higher population growth rates (the fastest 
growing metazoan in the world: Bennett & Boraas, 1989). These properties 
make this species particularly suitable for laboratory studies of algae-herbivore 
interactions (Walz, 1993). It has a distinct food size preference (Rothhaupt, 
1990), certainly narrower than that of large Daphnia (Burns, 1968; Kerfoot & 
DeMott, 1980), making it potentially more sensitive to morphological defences 
in algae. However, it is unknown whether inducible colony formation in S. 
obliquus is a defence against B. calyciflorus. 
The best-studied predators upon B. calyciflorus are rotifers, belonging to 
the genus Asplanchna, which have often been found to coexist with B. 
calyciflorus in the zooplankton (Gilbert & Waage, 1967). Gilbert (1966, 1967) 
was the first to demonstrate the existence of inducible defences in B. 
calyciflorus, and also the first report of inducible defences in scientific literature. 
A chemical cue released by Asplanchna induces elongation of posterolateral and 
other spines in B. calyciflorus, which hinders ingestion by Asplanchna (Gilbert, 
1966, 1967). 
 
Thesis outline 
This thesis is a study on inducible defences in freshwater plankton. I addressed 
two major questions: 
1. is Brachionus-induced colony formation in Scenedesmus an inducible 
defence? 
2. how do inducible defences alter the structure and functioning of pelagic 
food chains? 
This outline lists the subsequent chapters that address these questions. 
 
2. Inducible colony formation within the Scenedesmaceae: adaptive responses to 
infochemicals from two different herbivore taxa 
Many organisms excrete chemicals that can be used as information on their 
presence and state by other species, the so-called information chemicals or 
infochemicals. Colony formation is also induced by such infochemicals. In this 
chapter, an inventory and comparison was made of the colony-forming 
responses of many strains of Scenedesmaceae to infochemicals from two 
different herbivorous zooplankton species: the cladoceran Daphnia magna, the 
first species reported that induced defences within certain Scenedesmaceae, 
and the rotifer Brachionus calyciflorus. We investigated which strains show 
inducible or non-inducible (either no or constitutive) colony formation, and 
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whether inducible defences are a general response to herbivory or a specific one 
to specific herbivores. Furthermore, this chapter analysed the relationship 
between dose of the chemical cue from B. calyciflorus and the colony forming 
response. 
 
3. Application of stable isotope tracers to studies of zooplankton feeding, using 
the rotifer Brachionus calyciflorus as an example 
Stable isotopes are isotopes that do not emit harmful radiation but that can be 
discriminated from the ÂnormalÊ isotope using special methodology, isotope ratio 
mass spectrometry (IRMS). Stable isotopes are already being used in ecology, 
because the proportion between different isotopes in natural materials gives 
information about chemical and (hence) ecological processes. However, purified 
stable isotopes can also be used as tracers. This chapter gives a protocol and 
calculation methods for the determination of zooplankton ingestion and 
assimilation rates with stable isotope tracers. These methods have been applied 
using B. calyciflorus grazing on 13C-labelled S. obliquus. This novel method 
offers several advantages compared to traditional, radio-isotope based, methods, 
and proved to be very valuable for determination of zooplankton feeding rates 
as a function of food concentration, the so-called functional response. 
 
4. Chemically mediated interactions between Brachionus calyciflorus and its 
food algae 
This chapter shows the effects of chemicals released by algae and zooplankton 
on the feeding of zooplankton. I first evaluated the effects of chemicals released 
by S. obliquus, and B. calyciflorus on colony formation and size of S. obliquus. 
Subsequently I investigated the feeding response of Brachionus to these 
chemicals, and to differentially sized Scenedesmaceae. In this study we applied 
the methodology we previously developed (see Chapter 3). This experiment had 
two main purposes: 1) to obtain information on the origin of the chemical cue 
that induces colony formation in S. obliquus, and 2) to test whether B. 
calyciflorus were able to ÂsmellÊ food or competitors. First, the functional 
responses (ingestion and assimilation rates as function of food concentration) of 
B. calyciflorus were compared when exposed to conspecific (crowding) chemicals. 
Finally, the functional responses of B. calyciflorus as function of food size were 
compared. For this, we used Scenedesmaceae of varying sizes: small 
(undefended), medium (inducible colony formation, undefended), large 
(inducible, defended) and very large (constitutively defended). 
 
5. The Limnotrons: a facility for experimental community and food web 
research 
Laboratory studies often are often a caricature of nature, because of their 
simplicity. On the other hand, causal patterns in field observations are often 
difficult to reveal because of the complexity of natural systems. Laboratory 
ecosystems are an interesting intermediate between these two extremes. In this 
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chapter a series of experiments is described which we carried out with indoor 
laboratory ecosystems, the Limnotrons. These experiments were done to assess 
the suitability of the Limnotrons for research on experimental communities and 
food webs. The Limnotrons have been an important tool to investigate costs of 
colony formation at a relevant scale (Chapter 6). 
 
6. Inducible defences: slow relaxation is costly 
In this chapter an analysis is made of both physiological costs (defence-limiting 
resources) and ecological costs (reduced competitiveness) of inducible colony 
formation in S. obliquus, using both bioassays and Limnotron experiments. 
Emphasis has been given to the temporal variability of costs, a factor that often 
is overlooked when estimating costs of defences. The relaxation (loss of defence) 
of induced colonies was investigated under different light (resource) conditions. 
Furthermore, sedimentation rates of undefended and defended S. obliquus were 
investigated in the Limnotrons. 
 
7. Inducible defences and trophic structure 
With my colleagues I developed and tested a model of trophic levels in bi- and 
tritrophic food chains with no defences, inducible defences or constitutive 
defences. (see Vos et al., 2004a, b; Verschoor et al., 2004). I have worked on the 
mathematical representation of the induction and relaxation processes, and 
estimated realistic parameters for this model, using my own and literature data 
on S. obliquus, B. calyciflorus and Asplanchna sieboldi. This model has been 
analysed to evaluate the equilibrium biomasses of different trophic levels across 
a gradient of primary productivity. 
 
8. Inducible defences prevent strong population fluctuations in bi- and 
tritrophic food chains 
In this chapter, the predictions on food chain dynamics by Vos et al (2004a), 
which has been based on the same model as presented in Chapter 7, were tested 
empirically in laboratory microcosms. These microcosms consisted of food 
chains with undefended (D. bicellularis) and inducible defended algae (S. 
obliquus), herbivorous rotifers (B. calyciflorus) and –in the case of tritrophic 
food chains- carnivorous rotifers (Asplanchna brightwelli), and were subjected 
to two different phosphorus concentrations (low and high). This study 
investigates the response of food chain dynamics to enrichment, and whether 
inducible defences may prevent the „paradox of enrichment‰ (Rosenzweig, 1971, 
1973). 
 
9. General discussion 
In the last chapter, I discuss the results of the two most important aspects of 
my study: 1) the prerequisites for evolution of inducible defences, and 2) the 
role of inducible defences in food webs and how those could interact. 
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Abstract 
We studied the occurrence of colony formation within 40 
different strains of Scenedesmaceae (Chlorococcales, 
Chlorophyta) in response to grazing-released infochemicals 
from the herbivorous zooplankters Brachionus calyciflorus 
Pallas (Rotifera) and Daphnia magna Strauss (Cladocera). 
With the exception of two strains, all strains showed similar 
responses to both B. calyciflorus and D. magna infochemicals, 
either no response or inducible colony formation. Colony size 
was found to increase with B. calyciflorus infochemical 
concentration and could be described by a sigmoid function. 
The increase in colony size was more pronounced in the 
Scenedesmus species tested than in Desmodesmus species, 
which was probably due to higher threshold infochemical 
concentrations for colony induction in Desmodesmus. 
Therefore, the adaptivity of colony formation to the 
herbivory threat  only  holds  above the threshold 
concentration for colony induction and as long as maximum 
colony size has not been attained. Taking this into account, 
our results suggest that inducible colony formation is a 
common adaptive response of many Scenedesmaceae to the  
threat of herbivory. 
Chapter 2 
24 
Introduction 
Herbivory by zooplankton is among the largest selective pressures on the 
phytoplankton. Inducible defences are a ubiquitous form of phenotypic 
plasticity that can be an important adaptive strategy in aquatic environments, 
especially when herbivory is variable (Tollrian and Harvell 1999). Inducible 
defences are expected to be favoured especially when the cues of predation are 
reliable and not fatal (Harvell 1990), and in the pelagic, information chemicals 
are nonfatal and more reliable and specific than, for example, mechanical cues 
(Tollrian and Harvell 1999). Since the seminal paper by Hessen and Van Donk 
(1993), herbivore infochemical-induced defences have been reported in various 
phytoplankton taxa (raphydophytes, Hansson 1996; cyanobacteria, Jang et al. 
2003; prymnesiophytes, Tang 2003; and chlorophytes, Van Donk et al. 1999, 
Yasumoto et al. 2000).  
The family of Scenedesmaceae (Chlorococcales, Chlorophyta) is by far the 
best studied phytoplankton taxon with respect to grazer-induced colony 
formation. The recognition of phenotypic plasticity has shed new light on the 
taxonomy of this family (Trainor 1998). On the basis of morphology, it has been 
proposed that the genus Scenedesmus sensu lato should be split up into a spiny 
genus, Desmodesmus, and a spineless genus, Scenedesmus (Trainor et al. 1976). 
This division has been confirmed by molecular techniques (An et al. 1999, van 
Hannen et al. 2002). Induced colony formation in response to Daphnia grazing 
has been found in both genera (e.g. Desmodesmus subspicatus, Hessen and Van 
Donk 1993; Scenedesmus obliquus [sensu van Hannen et al. 2000], Lampert et 
al. 1994). Coenobium formation in these species can be induced by both grazing 
Daphnia and by filtrate of grazing Daphnia, indicating that water-borne 
information chemicals are involved (Hessen and Van Donk 1993, Lampert et al. 
1994). Although it has been hypothesized that Daphnia-induced colony 
formation is common in Scenedesmus sensu lato (Lampert et al. 1994), not all 
strains form colonies when exposed to grazing filtrate of this cladoceran (Van 
Donk et al. 1999). For the most intensively investigated strain, Scenedesmus 
obliquus MPI (Table 2.1), colony formation has been shown to be inducible by 
various herbivorous zooplankton species (Van Donk et al. 1999, Lürling 2003) 
but not by carnivorous zooplankton (Lürling 2003). Induced herbivore 
resistance in higher plants is usually not very specific (Karban and Myers 1989), 
but it remains debatable whether this can be said for inducible colony formation 
of Scenedesmaceae with respect to different zooplankton taxa. Therefore, we 
investigated the distribution of infochemical-induced colony formation within 
Scenedesmus and Desmodesmus, in response to grazing-released infochemicals 
from herbivorous zooplankton species from two different taxa: Daphnia magna 
(Cladocera) and Brachionus calyciflorus (Rotifera). 
To be adaptive, inducible colony formation should be proportional to the 
expected fitness costs of herbivory, that is, the grazing risk that the algae are 
facing. Filtrate from actively feeding Daphnia has a stronger colony-inducing 
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effect than filtrate from starved conspecifics, and neither Daphnia homogenate 
nor algal homogenate separately induce a response (Lampert et al. 1994, von 
Elert and Franck 1999). There is proportionality between grazing pressure from 
herbivorous Cladocera and colony induction in S. obliquus, regardless of the 
species (Lürling 2003). If such proportionality could also be demonstrated for 
taxa other than Cladocera, induced colony formation would be a general 
response to herbivory, regardless of the herbivore involved. This would show 
that inducible colony formation is not a rare phenomenon against a few 
specialized herbivores but that it is a general adaptive response in which algae 
adjust their size to the risk of being grazed. Therefore, we investigated whether 
colony size of S. obliquus was proportional to the amount of grazing-released 
infochemicals from B. calyciflorus. 
 
Materials and methods 
Bioassays on colony formation in different strains to different herbivore 
infochemicals 
This study involves a synthesis of unpublished data from one experiment with 
the rotifer B. calyciflorus Pallas and of both published (Lürling 1999, Lürling 
and Beekman 1999) and unpublished data from three experiments using the 
cladoceran Daphnia magna Strauss (Table 2.1). All experiments consisted of 
standardized bioassays that have been extensively used for the morphological 
response of Scenedesmaceae to zooplankton filtrate (Lampert et al. 1994, 
Lürling 2003). 
COMBO medium (Kilham et al. 1998) was used as standard medium. 
Test water was produced by allowing 1Û105 B. calyciflorusÛL-1 or 200 D. 
magnaÛL-1 to graze on at least 10 mg algal CÛL-1, with the algae being the strain 
of interest. The zooplankton densities were considered to be sufficient to induce 
colony formation, at least for S. obliquus (Van Donk et al. 1999). After 24 h of 
grazing, algae and zooplankton were removed from the test water by filtration 
over a zooplankton filter (60 µm) and a precombusted glass fiber filter 
(Whatman GF/F, Maidstone, UK). Controls consisted of clean glass fiber–
filtered medium. Test water (10% v/v) was added to cellulose plug-stoppered 
100-mL Erlenmeyer flasks (Omnilabo International BV, Breda, The 
Netherlands) containing medium and algal inoculate, making a final volume of 
50 mL. Algae were inoculated in densities of 2Û106 µm3ÛmL-1 and were obtained 
from algae in log-phase (chemostats or semicontinuous batch cultures). Within 
each experiment, all bioassays ran simultaneously. Flasks were incubated in (at 
least) triplicates for 48 h in an incubator set at 20°C, 100 rpm, and continuous 
light (120 µmol photons [PAR] Û m-2Ûs-1, cool white fluorescent tubes). Colony 
sizes of controls and treatments were measured at t=48 h, using both 
microscope (counting the number of cells per coenobium of at least 125 algal 
particles per replicate) and electronic particle counter. Mean particle volumes 
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(MPVs) for D. magna bioassays were measured on a Coulter Multisizer II 
(Beckman Coulter, Inc., Fullerton, CA, USA) and for B. calyciflorus bioassays 
on a CASY cell counter (Schärfe System Gmbh, Reutlingen, Germany). 
In Table 2.1, we give the complete list of algal strains that were used for 
the experiments, including codes that we used in the different figures. For these 
strains, we compared the relative changes in MPV and mean number of cells 
per coenobium (CPC) among 16 strains of Desmodesmus and 24 strains of 
Scenedesmus (Table 2.1). Data for the algal response after 48 h were first 
analyzed on homogeneity of variance and normality. Data were heteroscedastic, 
and transformation of the data did not prove to be sufficient for the use of 
parametric tests. Therefore, we tested for differences between treatments (test 
water vs. control) using the Mann-Whitney U test 
 
. Table 2.1. Algal strains used in the experiments, strain codes used, and results of the bioassays (Mann-Whitney U test). 
  Treatment 
  Brachionus Daphnia 
Straina Code MPV CPC MPV CPC 
Desmodesmus      
D. armatus (Chodat) Hegewald MPI D1 N.S. N.S. - - 
D. bicellularis Hegewald CCAP 276/14 D2 N.S. N.S. N.S. - 
D. bicellularis Hegewald UTEX LB1359 D3 N.S. * * - 
D. communis Hegewald UTEX 76 D4b - - N.S. * 
D. maximus Hegewald UTEX 614 D5 N.S. N.S. - - 
D. pannonicus (Pringsheim) Hegewald UTEX 77 D6 - - * - 
D. quadricauda (Turpin) Hegewald F11 D7b - - N.S. N.S. 
D. quadricauda (Turpin) Hegewald NIVA-CHL7 D8b - - N.S. N.S. 
D. sp. Lürling MV3 D9 - - N.S. - 
D. sp. Lürling MV5 D10 - - N.S. - 
D. sp. Lürling MV7 D11 - - N.S. - 
D. subspicatus (Chodat) Hegewald et Schmidt CCAP 276/20 D12 * N.S. - - 
D. subspicatus (Chodat) Hegewald et Schmidt NIVA-CHL55 D13 * * * N.S. 
D. subspicatus (Chodat) Hegewald et Schmidt RWTH D14 - - N.S. N.S. 
D. subspicatus (Chodat) Hegewald et Schmidt UTEX 2532 D15 - - N.S. N.S. 
D. subspicatus (Chodat) Hegewald et Schmidt UTEX 2594 D16 N.S. N.S. N.S. N.S. 
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Scenedesmus      
S. acuminatus (Lagerheim) Chodat UTEX 415 S1 * N.S. N.S. - 
S. acuminatus (Lagerheim) Chodat v411 S2 - - N.S. - 
S. acuminatus (Lagerheim) Chodat v412 S3 - - * - 
S. acutiformis Schröder UTEX 416 S4 N.S. N.S. - - 
S. acutus f. alterans Hortobagyi UTCC-T7 S5 * N.S. - - 
S. acutus f. alterans Hortobagyi UTCC-T10 S6b * N.S. N.S. N.S. 
S. ellipticus Corda SAG 64.81 S7 N.S. N.S. - - 
S. falcatus Chodat SAG 2.81 S8 N.S. N.S. * * 
S. obliquus (Turpin) Kützing MPI S9 * * * * 
S. obliquus (Turpin) Kützing NIVA-CHL6 S10c N.S. N.S. * * 
S. obliquus (Turpin) Kützing SAG276/1 S11c * N.S. N.S. * 
S. obliquus (Turpin) Kützing SAG276/3a S12 N.S. * * * 
S. obliquus (Turpin) Kützing UTEX 72 S13b * * * * 
S. obliquus (Turpin) Kützing UTEX 74 S14 N.S. N.S. - - 
S. obliquus (Turpin) Kützing UTEX 78 S15c - - * * 
S. obliquus (Turpin) Kützing UTEX 79 S16 N.S. N.S. - - 
S. obliquus (Turpin) Kützing UTEX 393 S17 * * - - 
S. obliquus (Turpin) Kützing UTEX 417 S18 N.S. N.S. - - 
S. obliquus (Turpin) Kützing UTEX 1450 S19c - - * * 
S. obliquus (Turpin) Kützing UTEX 2630 S20c N.S. * * * 
S. pectinatus Meyen V72 S21 - - N.S. - 
S. pectinatus Meyen V99 S22 - - N.S. - 
S. platydiscus (Smith) Chodat UTEX 2457 S23 N.S. N.S. - - 
S. producto-capitatus Schmula SAG 21.81 S24 * * - - 
 
aCCAP, Culture Collection of Algae and Protozoa, UK; F, Saskatchewan Research Council, Canada; MPI, Max Planck Institute of 
Limnology, Germany; MV, NIOO Centre for Limnology, The Netherlands; NIVA, Norwegian Institute for Water Research; RWTH, 
University of Aachen, Germany; SAG, University of Göttingen, Germany; UTCC, University of Toronto Culture Collection, Canada; 
UTEX, University of Texas, USA;  
V, University of Plovdiv, Bulgaria. 
bD. magna bioassay data from Lürling and Beekman, 1999,  
cD. magna bioassay data from Lürling, 1999. 
N.S., treatment not significantly larger than control; *, treatment significantly larger than control (P<0.05), -, not determined. 
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Bioassay on colony formation in response to infochemical concentration 
To measure the proportionality of induced colony formation with the 
concentration of test water (containing the infochemical(s) that indicate the 
herbivore threat), we used the same bioassay as described above. Again, 
COMBO medium was the standard medium used. To produce test water, 100 B. 
calyciflorusÛmL-1 were incubated for 24 h in the dark at 20°C in a food 
suspension of 10 mg C S. obliquus MPIÛL-1. After filtration, this test water was 
first diluted with clean medium to yield five dilutions: 1× (undiluted), 10×, 100×, 
1000×, and 10,000×. Together with the controls (clean COMBO medium), these 
dilutions were again added in 10% (10 mL v/v) to Erlenmeyer flasks containing 
90 mL of medium. Furthermore, an additional treatment of 100 live B. 
calyciflorusÛmL-1 in clean medium was added. Treatments were inoculated with 
2Û106 µm3 S. obliquusÛmL-1, and MPV was measured on a Coulter Multisizer II 
after 48 h. 
Further analysis was done for all infochemical dilutions (including 
controls) but did not include the live B. calyciflorus treatment because of 
unknown infochemical concentration and additional zooplankton effects that 
could obscure interpretation (e.g. selective grazing). First, these data were 
tested on homogeneity of variance and normality. Differences between dilutions 
were tested by one-way analysis of variance, followed by contrast analysis. The 
dose–response bioassay was further analyzed by nonlinear regression of the 
general logistic dose-response function:  
 b
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representing mean particle volume (MPV) as a function of infochemical 
dose (d), where MPVmin is MPV at zero dose (minimum response), MPVmax is 
MPV at maximum dose (maximum response), a is the maximum amplitude 
(MPVmax - MPVmin), h is the dose at which the half-maximum amplitude is 
reached (inflection or transition point), and b is a parameter describing the 
width of the transition zone. All statistical tests were done with STATISTICA 
for Windows, release 5.1 (Statsoft Inc., Tulsa, OK, USA), and nonlinear 
regression was done with SigmaPlot 2002 for Windows, version 8.02 (SPSS Inc., 
Chicago, IL, USA). 
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Results and discussion 
Herbivore-specific differences 
Strains that exhibited significant inducible colony formation did this in 
response to both zooplankton species, except for S6 and S8 (Table 2.1). For the 
strains that responded significantly, the relative increase in colony size was 
generally greater in response to D. magna infochemicals than to B. calyciflorus 
chemicals (Fig. 2.1). It is not clear whether these differences are due to different 
chemical properties of the zooplankton infochemicals or to a common 
infochemical released in different concentrations. For more clarity in 
interpretation, the structure of the infochemicals involved needs to be resolved. 
Improved standardization by novel infochemical extraction methods looks 
promising, and by far the most progress in this area has been made for the 
Daphnia infochemical (van Holthoon et al. 2003). Herbivore information 
chemicals are released during the grazing process, probably by digestive 
processing of the algae or by release of latent alarm substances by the algae 
(Stabell et al. 2003). Colony formation in various strains of Scenedesmaceae can 
be induced by infochemicals produced by herbivorous zooplankton that have 
been grazing on other strains of Scenedesmaceae or even other Chlorophytes 
(Lürling1998, Van Donk et al. 1999). Also, filtrate of D. magna grazing on S. 
obliquus has been shown to induce toxin formation in the cyanobacterium 
Microcystis aeruginosa (Jang et al. 2003). This suggests that herbivore grazing, 
at least on Chlorophytes, releases non-specific infochemicals that are capable of 
inducing defences in many phytoplankton taxa. 
 
Phytoplankton genus-specific differences.  
Significant colony formation in response to both zooplankton species occurred 
frequently in Scenedesmus strains (48%), especially in S. obliquus strains (67% 
for S9–S20) and less frequently in Desmodesmus (24%, Table 2.1). Also, the 
relative increase in colony size was more pronounced in Scenedesmus than in 
Desmodesmus species (Fig. 2.1), which mainly can be attributed to the large 
representation of S. obliquus strains. However, even within S. obliquus the 
relative size increase was highly variable among strains, when exposed to test 
water from the same herbivore species. This variability is exemplified by the 
distribution of the different phenotypes (colony size classes) for different S. 
obliquus strains in response to B. calyciflorus test water (Fig. 2.2). Local 
selection on traits such as threshold concentration for induction, response time, 
and/or maximum colony size (Adler and Harvell 1990, Larsson and Dodson 
1993, Pigliucci et al. 1996) may all lead to different responses in a standardized 
bioassay. 
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Fig. 2.1. Relative increase in colony size of all Scenedesmaceae strains tested, given as median values of the ratios of MPV or CPC 
between treatments and controls, after exposure to test water (treatment) from Brachionus calyciflorus (BC) or Daphnia magna 
(DM). Strain codes and significance of differences are given in Table 2.1. Strain codes supplied with superscripted letters indicate 
strains for which bioassay results for D. magna have been published previously: aLürling and Beekman (1999); bLürling (1999). 
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Fig. 2.2. Average distribution of phenotypes (unicells, two-, four-, and eight-celled and other colony sizes) among different strains 
of Scenedesmus obliquus after 48-h exposure to test water of grazing Brachionus calyciflorus. Strain codes are followed by „c‰ 
(control) or „t‰ (exposed to test water). Shown are the average distributions from triplicate samples. Strain codes are given in 
Table 2.1. 
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Most Desmodesmus strains did not show significant colony formation; if 
they did it was not for MPV and CPC simultaneously (Table 2.1). Only D. 
subspicatus NIVA-CHL55 (D13) had weak but significant and consistent colony 
formation. If induced colony formation is present within Desmodesmus, it is 
much less pronounced than within Scenedesmus (Fig. 2.1), although the latter 
were overrepresented by S. obliquus. We observed the formation of large 
colonies (up to 16 cells) in D. subspicatus after several days of culture in the 
presence of live Daphnia or live Brachionus (data not shown). This has also 
been reported by Hessen and Van Donk (1993) on the same strain (D13) but 
could be the result of selective grazing on unicellular algae. Nonetheless, the 
concentration of infochemicals could also play an important role here. In the 
bioassay with D13, we added an additional treatment consisting of undiluted B. 
calyciflorus test water. In this treatment we observed a doubling in final colony 
size compared with the standard 10% dilution in our bioassays (Fig. 2.3). 
Apparently D. subspicatus requires a higher infochemical threshold 
concentration for colony formation. 
Although Desmodesmus are characterized by the possession of spines, 
and predator-induced spine formation or elongation has been found in many 
aquatic organisms (Dodson 1989, Harvell 1991), we did not observe this for the 
Desmodesmus strains that we tested, which is corroborated by observations of 
Lürling and Beekman (1999) on Desmodesmus species. However, in mixed 
chemostats containing B. calyciflorus and D. maximus UTEX614, we observed 
an increase in mean cell size and spine length (data not shown), whereas this 
species did not respond in the bioassay. These effects could be caused directly 
by the zooplankton (e.g. selective grazing) or a nutrient effect. The possession of 
spines by Desmodesmus species may be a constitutive defence within this genus. 
Spines hamper ingestion and thus reduce the need for colony formation at low 
to moderate grazing intensities. On the other hand, the spineless Scenedesmus 
species are more vulnerable to grazing and may rely more on colony formation 
as inducible defence mechanism. Grazing experiments done with B. calyciflorus 
grazing on S. obliquus and D. quadricauda confirmed that the latter were less 
ingested and even less efficiently assimilated than S. obliquus (Verschoor and 
Zadereev, chapter 4). Most Desmodesmus species predominantly appear as 
multicellular colonies with long spines and may thus be constitutively defended 
against grazing zooplankton. Spines should not be regarded as defensive traits 
only, however, because they may also serve to reduce sedimentation rates of the 
larger algal species (Conway and Trainor 1972). 
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Fig. 2.3. Mean particle volume (MPV, open bars) and number of cells per coenobium (CPC, filled bars) after 48 h of incubation of 
Desmodesmus subspicatus NIVA-CHL55 in controls (C), in standard 10 × diluted test water (T) and in undiluted test water (U). 
Shown are averages, and error bars represent 1 SD (n = 3). 
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Fig. 2.4. Colony size of Scenedesmus obliquus in response to Brachionus calyciflorus treatments. Open symbols: MPV of S. 
obliquus MPI in response to different dilutions of test water. Test water was produced from different dilutions of filtrate of grazing 
B. calyciflorus on S. obliquus (1× = 1, 10,000× = 10-4) and controls (0). Filled circles: MPV of S. obliquus in the presence of 
live B. calyciflorus (live BC). Densities in the live B. calyciflorus treatment were 100 ind. Û mL-1, and the same density as was 
used in the culture to produce test water. Continuous line: logistic dose–response regression between dilutions of test water and 
MPV. Treatments are shown on the top axis, and dilutions for the regression on the bottom axis. To match the upper (categorical) 
scale with the lower (logarithmic) scale, controls (0) were plotted at 10-5 and live BC at 101. 
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The adaptivity of inducible colony formation.  
The MPV of Scenedesmus obliquus MPI (S9) increased with increasing B. 
calyciflorus infochemical concentration and was greatest in the presence of live 
Brachionus (Fig. 2.4). The analysis of variance yielded significant differences 
between dilutions (F5,17 = 81.97, P<0.0001). A significant size increase only 
occurred above a certain threshold concentration. Contrast analysis showed 
that this threshold concentration was „100×‰ corresponding to a grazing 
pressure of 0.1 B. calyciflorusÛmL-1, which is in agreement with the threshold 
concentration found by Van Donk et al. (1999) for this strain. All S. obliquus 
strains appear to have significant colony formation, even species that do not 
have a very large increase in size (e.g. UTEX79, S16 in Fig. 2.1). These species 
probably have a higher threshold concentration for colony formation. Moreover, 
both D. subspicatus and S. obliquus colony sizes increased with test water 
concentration (Figs. 2.3 and 2.4). This suggests that many other 
Scenedesmaceae, including the „noninducible‰ strains such as Desmodesmus 
spp. discussed previously, may have higher threshold concentrations for colony 
formation. Below this threshold concentration algae have a canalized 
(noninducible) phenotype, whereas above that threshold concentration the 
inducible phenotype develops. This response type has a polygenic basis, and the 
frequency of inducible phenotypes depends on selection on threshold dosage 
(Lively 1986). 
In addition to selection on threshold concentration, there are physical, 
physiological, and ecological constraints to colony size. Colony size for S. 
obliquus never exceeded eight-celled coenobia (Fig. 2.2), and similar 
observations have been made for the other species. At very high infochemical 
concentration, the induced colony size will approach the maximum defence level, 
either as a rectangular hyperbola (Parejko and Dodson 1991) or as a sigmoid 
curve (Lively et al. 2000). A general mathematical formulation that captures 
both types of „saturating‰ curves is the logistic dose–response equation (Eq. 2.1), 
which becomes a rectangular hyperbola by setting the slope parameter b to 1. 
Fitting of the logistic dose–response curve (Fig. 2.4, solid line) yielded a 
significant regression (F3,17 = 151.11, P<0.0001, r2adj = 0.97), with MPVmin = 
43.0 µm3, a = 70.1 µm3, h = 0.135, and b = 0.674. By summing MPVmin and a, 
we find that MPVmax = 113.2, which is within the range found for the „live BC‰ 
treatment. The description of bioassay data in logistic response model 
parameters allows an easier comparison across laboratories, for example by 
using half-maximum effect concentrations (h), similar to common practice in 
physiology or ecotoxicology (Colledge et al. 2000). 
The proportionality between infochemical concentration and colony size 
does only apply above the infochemical threshold concentration (minimum 
colony size) and as long as the induced response is not „saturating‰ 
(approaching maximum colony size). The adaptivity of inducible colony 
formation is thus confined to a range where an increase in size is most 
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beneficial (Fig. 2.5) and depends on the delicate balance between costs of colony 
formation (Lürling and Van Donk 2000, Verschoor, Bekmezci, and Vijverberg, 
chapter 6) and costs and predictability of grazing losses. This balance is highly 
dependent on herbivore preferences. For example, size increase only lowers 
maximum ingestion rates of B. calyciflorus when MPV is above the optimum 
particle size (Rothhaupt 1990, Verschoor and Zadereev, chapter 4). The 
continuous change in available resources, competitors, and enemies ensures 
that there is no single best strategy but that continuous adaptation is essential. 
The variety of colony formation responses as we observed within the 
Scenedesmaceae is just one character in this complicated evolutionary play. 
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Fig. 2.5. Relative strength of the defensive response in response to grazing threat. Going up from low to high grazing threat 
(infochemical concentration), defences will only start to be induced at the induction threshold. From there on, the level of defence 
will increase until the maximum response concentration has been reached. Above that concentration, the defensive response will 
remain maximum, regardless of the grazing threat. 
Conclusions 
In the Scenedesmaceae, we observed similar colony formation responses in the 
same strains to infochemicals released by herbivores from two different taxa. 
This suggests that the Scenedesmaceae have strain-specific colony formation to 
some common cue of herbivory. The size of induced colonies increases with the 
concentration of grazing-released infochemicals but only within a range 
between a lower limit, namely the threshold concentration, and an upper limit, 
the maximum colony size. 
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Abstract 
We present a protocol and calculation methods for the 
determination of zooplankton ingestion and assimilation 
rates with stable isotope tracers. These methods have been 
developed from experiments with the rotifer Brachionus 
calyciflorus that had been fed 13C-labelled Scenedesmus 
obliquus. Stable isotope tracers offer the same advantages as 
radioisotopes. These include the possibility for direct and 
accurate quantification of ingestion and assimilation rates, 
short sample analysis times and low animal densities 
requirements. However, the use of stable isotope tracers 
requires relatively long sample preparation times and 
specialist equipment and is, thus, relatively costly for most 
laboratories. The application of stable isotope tracers in 
zooplankton feeding studies offers several advantages in 
comparison with radioisotopes. Firstly, they do not emit 
harmful radiation and can therefore be applied safely both in 
the laboratory and in the field. Secondly, the samples can be 
dried for safe storage and easy transportation. Thirdly, no 
aggressive chemicals are required for sample analysis. 
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Introduction 
Throughout the history of ecology, new measurement techniques have usually 
stimulated rapid development in related areas of science when they have 
become widely available. For example, the availability of purified radioisotopes, 
in combination with sensitive laboratory-scale equipment to measure 
radioactive decay, made it possible to follow the fate of these isotopes within 
organisms. So, it became possible to measure ingestion, assimilation and 
respiration rates of zooplankton by direct rather than indirect methods. Peters 
(1984) reviewed and discussed many of the techniques available at that time. 
Since then, only a few really new techniques to study zooplankton feeding have 
been published. These include the use of gut fullness methods (Penry & Frost, 
1990), chlorophyll fluorescence spectra (Lürling & Verschoor, 2003), biologically 
digestible tracer particles (Lindemann & Kleinow, 2000; Hammer et al., 2001), 
and stable isotope tracers. 
Stable isotopes are increasingly being used in ecological research. With 
isotope ratio mass spectrometers (IRMS) becoming more and more available to 
ecological laboratories, it has become possible to accurately measure the 
isotopic composition of organisms, and to use this isotopic composition in 
ecological studies (Peterson & Fry, 1987). Because different sources of primary 
production have different isotopic signatures, and different isotopes of the same 
element are incorporated at different rates in biological tissue (isotopic 
fractionation), the natural isotope ratios of an element can be used to infer 
trophic linkages (e.g. Bearhop et al., 1999, Vander Zanden et al., 1999). Apart 
from using their natural abundance, stable isotopes are increasingly being used 
as biological tracers. Nowadays, an increasing number of different labelled 
compounds is becoming available with the heavy isotope making up most of the 
atoms of the tracer element (e.g. NaHCO3, 99 at% 
13C, or glycine, 98 at% 15N). 
This, combined with the high sensitivity of IRMS systems (changes in relative 
13C content of 0.001% are still detectable: Boschker & Middelburg, 2002), yields 
promising opportunities for the use of these tracers in the study of trophic 
interactions, both in the laboratory and in the field (e.g. Boschker & Middelburg, 
2002). In zooplankton studies, stable isotopes have been used for the creation of 
nitrogen budgets for marine zooplankton species (Hino et al., 1997; Hasegawa 
et al., 2001), and to identify the role of zooplankton in the creation and 
disappearance of deep water chlorophyll maxima (Pilati & Wurtsbaugh, 2003; 
Lampert & Grey, 2003). There is, however, only very little published 
information about zooplankton feeding using stable isotope tracers. This may be 
due to the fact that there are no well-described protocols and calculation 
examples on how to use stable isotopes as tracers in feeding studies. 
This study aims to make the stable isotope tracer method more available 
for zooplankton feeding studies. A detailed protocol for labelling and feeding 
experiments and examples of mass balance-based calculation methods are 
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presented, and the advantages and disadvantages of the stable isotope tracer 
method for zooplankton feeding studies are discussed. 
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Figure 3.1. Regressions of known quantities of sample materials against mass, as measured by the IRMS (in this case, peak area). 
Figure 3.1a (upper panel): Regression of dry weight of the elemental standard (rye powder) against sample peak area; a series of 
empty tin cups were used as zero values. Figure 3.1b (lower panel): Regression of samples containing a fixed number of the rotifer 
Brachionus calyciflorus against sample peak area; a series of tin cups containing only medium was used for zero values. 
Materials and methods 
General calculations with stable isotopes 
Isotope ratio mass spectrometers (IRMS) generate two important types of data: 
data on the mass of the sample, given as peak height or peak area of the 
measured voltage, and data on the isotopic ratio of the sample, expressed as 
delta values (δ). Peak height and area correlate linearly with the mass of the 
specific element, which is shown by regression of different weights of reference 
material with a known, fixed, content of the specific element (dry rye powder: 
Fig. 3.1a). Delta values (δ) give the relative degree of isotopic enrichment 
compared to a standard reference material, in parts per thousand. The delta 
value of a sample containing a specific isotope n of element E is calculated by 
subtracting the isotopic ratio (ratio of the heavy, rare isotope to the most 
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abundant isotope) of a reference material (RR) from the isotopic ratio of this 
sample (RS), dividing by RR , and multiplying by 1000ˆ: 
δnE = ((RS - RR)/RR )Û1000ˆ = ((RS/RR) -1)Û1000ˆ   (3.1a) 
Similarly, isotopic ratios are calculated from the isotopic ratio of the 
reference material. For example, for 13C the most commonly used reference 
material, Vienna PeeDee Belemnite limestone (VPDB), has an isotopic ratio of 
0.0112372. The isotopic ratio of a sample containing 12C and 13C will then be: 
RS = ((δ13C/1000) + 1)Û0.0112372      (3.1b) 
and the isotopic fraction: 
Fs = Rs/(Rs +1)         (3.1c) 
Mass balances form the basis of all of the calculations presented. To set 
up elemental and isotopic balances, fractions are multiplied by mass to form the 
total mass of a specific isotope in a certain sample. As long as ratios or fractions 
are lower than a few percent, which should always the case for feeding studies, 
no corrections for the atomic mass difference between the stable and the 
common isotope are required. A sample with a certain mass signal, Mt, and a 
certain isotopic fraction, Ft, is decomposed into the two elements that make up 
the sample: the mass signal and isotopic fraction of the background (Mb, Fb), 
and the mass and signal of the sample itself (Ms, Fs). Thus, an elemental mass 
balance and an isotopic mass balance are made: 
Overall elemental mass balance:  Mt  = Mb + Ms     (3.2a) 
Isotopic mass balance:    MtÛFt  = MbÛFb + MsÛFs   (3.2b) 
The background contribution is calculated by choosing an appropriate 
background reference; this is usually empty or medium-filled measurement 
cups. Estimates of background mass (Mb) and background isotopic fractions (Fb) 
are made by averaging several background samples. Rearranging equation 
(3.2a) yields the estimated real mass of the sample:  
Ms = Mt - Mb          (3.2c) 
and rearrangement of equation (3.2b) gives the estimated isotopic fraction of 
this sample:  
Fs = (MtÛFt - MbÛFb)/(Ms)        (3.2d) 
 
Food labelling 
Prior to the zooplankton feeding experiment, the food cells should be labelled 
with the stable isotope tracer. For autotrophs (algae and cyanobacteria), food 
cells are labelled with heavy-isotope containing inorganic nutrients (e.g. 
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NaH13CO3, Na
15NO3), whereas for heterotrophs (yeasts and most bacteria), 
food cells are labelled with heavy isotope containing organic compounds (e.g. 
13C-labelled fatty acids, or 15N-labelled amino acids). The rate of tracer 
accumulation in the food cells depends strongly on the physiological 
characteristics of the food cells (affinity with nutrient, maximum growth rate) 
and the environmental characteristics (temperature, tracer medium used). 
Therefore, differences in label uptake in different food fractions (e.g. structural 
and soluble compounds) may occur, but this does not necessarily cause 
differences in measured feeding rates (Lampert, 1977a). Differential labelling of 
different size classes and over- or underestimation of feeding rates may occur 
due to selective feeding (Baars & Oosterhuis, 1985; Gulati, 1985), but this effect 
is limited when using monocultures. Longer labelling times may prevent 
differential labelling problems. 
Once a dynamic equilibrium is reached after labelling, all elements in the 
system will acquire the same, heavy-isotope enriched, δ value. In a closed 
system, the following mass balances apply. These are applied to obtain the 
desired isotopic enrichment: 
Overall mass balance:  Mf,i + Mr,i  = Mf,e + Mr,e    (3.3a) 
Isotopic mass balance:  Mf,iÛFf,i + Mr,iÛFr,i  = Mf,eÛFf,e + Mr,eÛFr,e   (3.3b) 
where subscripts ÂfÊ and ÂrÊ denote food and free dissolved resource material (= 
tracer + non-tracer), respectively, and subscripts ÂiÊ and ÂeÊ stand for the times of 
start of incubation and equilibrium, respectively. Furthermore, under 
equilibrium conditions, the isotopic fractions of food and free dissolved resource 
will be similar, so the equation can be simplified to: 
Ff,e = Fr,e = Fe         (3.3c) 
Mf,iÛFf,i + Mr,iÛFr,i  = (Mf,e+Mr,e)ÛFe      (3.3d) 
The equilibrium isotopic fraction of the food is then calculated using equation 
3d, regardless of the equilibrium mass of the food or remaining free dissolved 
mass: 
Fe = (Mf,iÛFf,i+Mr,iÛFr,i)/(Mf,i+Mr,i)      (3.3e) 
 
Feeding experiments 
For the determination of ingestion rates using stable isotope tracers, animals 
should first be acclimatised to the experimental food type and concentration for 
at least 1 h. Then, either labelled (ÂhotÊ) food is added, or animals are 
transferred into the labelled food suspension. The duration of the experiment 
should be long enough to overcome the possible disturbance of ingestion rates 
caused by adding food or transferring animals (Peters, 1984). On the other hand, 
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the experiment duration should be shorter than the gut passage time of the 
zooplankton, otherwise feeding rates will be underestimated (Starkweather & 
Gilbert, 1977a; Peters, 1984) due to egestion of the tracer (Lampert 1977a). 
Peters (1984) gives published gut passage times for various zooplankton taxa, 
and also supplies methods of estimating these when they are unknown. After 
the feeding period the animals are rinsed to remove any adhered food (Baars & 
Oosterhuis, 1985; Gulati, 1985), inactivated with carbonated or hot water, and 
preserved (Gulati, 1985). The time between the end of the feeding experiment 
and the picking of the animals should be minimised to prevent losses of tracer 
(Peters, 1984; Gulati, 1985). 
Assimilation rates are determined in a similar way, but with tracer 
incorporation corrected for egestion of the tracer. Lampert (1977b) already 
reported that direct measurement of assimilation (= absorption of material from 
the gut) is only possible by using tracers. A commonly used method is to feed 
animals with tracer for a certain period of time, and then place them into clean 
medium or into the same food type without tracer. Assimilation studies should 
be longer than the gut passage time but short enough to prevent respiratory 
losses of tracer when 13C is used. 
 
Calculation of feeding rates 
For further calculations on feeding rates, the measurement series should 
contain reference samples of zooplankton that have been fed on unlabelled food 
of the same kind (z), samples of the pure labelled food (f) and appropriate 
background samples. Zooplankton mass (Mz) is estimated from linear 
regression between number of animals and sample mass (e.g. Fig. 3.1b), in 
which the intercept represents the background contribution of cups plus 
medium (cf. (3.2c)). Average isotopic fractions (Fz, Ff) are calculated using 
equation (3.2d). The mass and isotope fractions of labelled food-fed zooplankton 
in a sample are then decomposed into a contribution from the labelled food 
(Mf,Ff) and from the zooplankton (Mz,Fz): 
Ms = Mz + Mf          (3.4a) 
MsÛFs = MfÛFf  + MzÛFz         (3.4b) 
so that the ingested food mass becomes: 
Mf  = (MsÛFs - MzÛFz)/Ff        (3.4c) 
Knowing the duration of the experiment (T) and the number of animals (N), we 
can calculate the ingestion rate (IR) or assimilation rate (AR): 
IR,AR (mass mass-1 t-1) = Mf /(NÛT) = (MsÛFs - MzÛFz)/(NÛFfÛT) (3.4d) 
For calculation of elemental mass flows (e.g. energy budgets, modelling), 
the interest is usually more focussed on mass-specific feeding rates. 
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Furthermore, mass-specific rates offer the benefit that IRMS mass signals can 
be used directly, without having to relate these to real masses (Fig. 3.1a). For 
these rates, the number of animals (N) is replaced by the zooplankton mass,  
SIR,SAR (mass mass-1 t-1) = Mf /(MzÛT) = (MsÛFs - MzÛFz)/(MzÛFf ÛT) 
(3.4e) 
The assimilation efficiency (AE) can then be calculated by dividing AR by IR: 
AE (%) = 100%Û(S)AR/(S)IR = 100%Û(Ms,aÛFs,a - Mz,aÛFz)/(Ms,i ÛFs,i -Mz,i ÛFz) 
           (3.4f) 
with i or a denoting variables derived from ingestion or assimilation 
experiments, respectively. 
As an alternative to these calculations, we give a preferred approach here, 
namely the case for which F is replaced by δ values and Mz is approximated. As 
δ values represent relative enrichment compared to a certain standard, they 
have the advantage that no background corrections are required. Furthermore, 
direct IRMS output (δ values) can be used and δ values increase method 
sensitivity since F values are typically very small. The δ value approach is 
possible because of the highly linear correlation between δ value and isotopic 
fraction in the range 0 – 2 × Freference (Fig. 3.2a). Also for higher enrichments, 
this linearity still holds: e.g. for carbon samples 0 – 5 × Freference (δ = -1000 - 
5000), r2 = 0.9998, and for samples 0 - 20 × Freference, we still have r2 = 0.9969. 
Only at very high relative enrichments (Fig. 3.2b: above F ≈ 0.1, δ13C ≈ 
10000ˆ), does the true relationship between F and δ values deviate seriously 
from linearity.  
Furthermore, we choose to approximate Mz because it cannot be 
determined accurately when animals cannot be counted directly, or when there 
is large variation in number – mass regressions (cf. Fig. 3.1b). In short-term 
feeding experiments, the mass of ingested or assimilated food is usually small 
with respect to the mass of the zooplankton. If we disregard the contribution of 
the food to the sample, and we replace F by δ values, we obtain: 
Mf = MsÛ(δs - δz)/δf         (3.5a) 
Similar to (3.4d), we calculate the ingestion (IR) and assimilation rates (AR): 
IR,AR (mass ind-1 t-1) = MsÛ(δs - δz)/(δf N T)     (3.5b) 
Since Mz now equals Ms, only isotopic fractions and the feeding period are 
required to calculate mass-specific ingestion rates (SIR) and mass-specific 
assimilation rates (SAR): 
SIR, SAR (mass mass-1 t-1) = (δs - δz)/(δf T)     (3.5c) 
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To calculate assimilation efficiencies (AE) i.e. the ratio of assimilation and 
ingestion rates, we use equation (3.5b) or (3.5c), which leaves  only the averaged 
values of the samples used for assimilation (δs,a), ingestion (δs,i) and 
zooplankton background (δz). 
AE (%) = 100%Û(S)AR/(S)IR = 100%Û(δs,a - δz)/(δs,i -δz)   (3.5d) 
This implies that, when the interest is in the assimilation efficiency only, it is 
sufficient to measure δs and δz values (compare with (3.4f)), and it is not 
necessary to put too much effort into measuring δf precisely. This may be 
particularly useful with very low specific ingestion and assimilation rates or 
very short feeding times, when high food enrichment is required for significant 
discrimination, but δ value of undiluted food samples may fall outside the 
reliable detection range of the IRMS. 
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Figure 3.2. Relationships between isotopic fraction (F) and δ values for carbon. Figure 3.2a (upper panel): The relationship 
between F and δ values for the range 0-2 times relative enrichment compared to the Vienna PeeDee Belemnite limestone (VPDB) 
standard. Figure 3.2b (lower panel): As Figure 2a, but with the F - δ relationship for the range 1 – 1Û107 × relative enrichment 
compared to the VPDB standard, together with a linear regression based on the range 0 - 5 × Freference. 
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Preparation and processing of samples for analyses 
All samples were measured into 5 × 8mm pressed tin cups (Elemental 
Microanalysis Ltd, Okehampton, UK). Tin cups were prepared by washing them in 
a 50/50 (vol/vol) methanol/chloroform solution to remove all possible (carbon-
containing) contamination. Tin cups and sample material were handled with 
forceps and needles that were heated until red-hot over a gas flame, again to 
remove any contamination. A typical run first contained a number of empty 
samples, and then samples increasing in expected δ13C value, with additional 
blanks after high δ values because of possible memory effects. One isotope 
standard was added to every ~10 samples. Isotope standards were prepared by 
weighing dry rye powder (δ13C = –30 ˆ) into tin cups on a Ohaus AS120 
microbalance to the nearest øg. Zooplankton samples were taken by putting 
individuals into tin cups, algal samples were taken by taking a known volume 
of concentrated algae, and additional background samples were taken to correct 
for the media that the algae and zooplankton were in. Samples were put into 
series of 50 into 96-well microtiterplates and oven dried overnight at 60°C. 
Dried samples were folded and stored in a desiccator until measurement. 
Samples were measured in a Carlo Erba 1106 Elemental Analyser (EA) coupled 
online with a Finnigan Delta-S IRMS. 
 
13C tracer incorporation and loss in Scenedesmus obliquus 
We investigated the δ13C enrichment of a strain of the chlorophyte 
Scenedesmus obliquus Turpin (Kützing) that originated from the Max Planck 
Institute, Plön, Germany. Label uptake was studied in two experiments. In the 
first experiment, we studied algal 13C enrichment in an open system, using 1L 
Erlenmeyer bottles that were closed with cellulose plugs, still allowing 
exchange of 12CO2 and 
13CO2 with the surrounding air. Samples were taken 
after 0, 1, 3, 6, 9, 12, 18, 24, 30, 36, and 48 h. For the second experiment, we 
studied algal 13C enrichment in a closed system, using 1L screw cap bottles that 
were closed with rubber septa and as little air headspace as possible. Samples 
were taken after 0, 12, 24, 36, 48, 60, 72, 96 and 144 h. Algae for both 
experiments were grown in modified WC medium (Guillard, 1975) with an 
additional 5.0 mg NaH13CO3
  L-1, and approximately 10 mg C algae L-1. Bottles 
for each experiment were put into an incubator in triplicate at 120 µmol quanta 
(PAR) m-2 s-1 (continuously), 20°C and 100 revolutions per minute (RPM). At 
each sampling time, 1 ml of sample was taken from each bottle, rinsed on pre-
combusted Whatman GF/F filters and resuspended in WC medium without 
NaHCO3 or carbon-containing buffers. From each sampling time and each 
replicate, one 100 øl sample of resuspended algae was put into tin cups. 
Samples were further dried and processed as described above. 
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Ingestion and assimilation of 13C-labelled Scenedesmus obliquus by 
Brachionus calyciflorus 
We studied feeding in the rotifer Brachionus calyciflorus Pallas over a range of 
concentrations of the 13C-labelled food alga Scenedesmus obliquus. Animals 
were obtained from previously hatched cysts (Microbiotest Inc., Nazareth, 
Belgium). Before the actual feeding experiment, animals were acclimatised to 
the different concentrations of unlabelled algae (i.e. 0.1, 0.2, 0.5, 1, 2, 5, and 10 
mg C L-1). Approximately 1000 animals were put into 250 ml of food suspension 
in 500 ml Erlenmeyer bottles. These bottles were placed on a slowly rotating 
table (40 RPM) to keep the food algae in suspension and incubated at 20°C for 
at least 1 h. 
As food algae, we used a strain of Scenedesmus obliquus Turpin (Kützing), 
from the culture collection of the University of Texas at Austin (UTEX 2630). 
After pre-culturing, about 10 mg C algae L-1 were incubated overnight in 
modified WC medium containing an additional 5.0 mg NaH13CO3
  L-1. The 
algae were incubated in four 1 L bottles sealed with rubber septa, in an 
incubator set at 20°C, 120 ømol quanta (PAR) m-2s-1 and at 100 RPM. After 
incubation, algae were centrifuged for 10 min at 3000 RPM, and the resulting 
pellet was resuspended in clean WC medium (which did not contain additional 
NaH13CO3). After being centrifuged for a second time, the algae were first 
resuspended in a small volume of clean WC medium to enable samples of the 
concentrated algae to be taken for later analyses in the elemental analysers. On 
the basis of previously made calibrations of optical densities at 750 nm (Unicam 
helios δ spectrophotometer) and algal carbon content (UNICARB carbon 
analyser), different suspensions of the labelled algae were made. Algal 
suspensions were prepared in quadruplicate in 100 ml Erlenmeyer bottles, 
taking into account that, after addition of the animals (5 ml), concentrations of 
0.1, 0.2, 0.5, 1, 2, 5, and 10 mg C L-1 would be obtained in a total volume of 50 
ml. 
The feeding experiment was done under the same conditions as the 
acclimatisation. Animals were gently filtered out of the acclimatisation bottles 
and resuspended in 25 ml of clean medium. Per concentration and per replicate, 
5 ml of animal suspension was pipetted into the labelled algae suspension. 
After addition of the animals, they were allowed to feed for 10 minutes, which is 
half of the gut passage time for B. calyciflorus (Starkweather & Gilbert, 1977a). 
After feeding, all animals were filtered out of the suspension immediately and 
rinsed gently in clean WC medium. For the determination of ingestion, 
approximately half of the animals were washed out of the filter into small Petri 
dishes with 30 g L-1 NaCl solution. This solution was used as killing agent and 
caused immediate inactivation of the animals, thus preventing tracer loss by 
egestion. The remaining half of the animals was gently washed out of the filter 
again into clean WC medium and left for egestion to take place. After 1 h, these 
animals were filtered, rinsed and washed out into Petri dishes, as described 
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above. From the animals collected in the Petri dishes, a sufficient number (at 
least 50) were picked out with a modified Pasteur pipette (with a very fine tip, 
attached to a silicon rubber tube with a mouthpiece) and as little as possible 
adhered NaCl solution, and put into tin cups. 
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Figure 3.3. Relative errors of ingestion/assimilation rates and assimilation efficiencies, using the δ value approximation when 
exact zooplankton biomass (Mz) is unknown. Errors are given for calculations for 13C over a range of δ values of the food for 
different values of specific ingestion rate (mi) and assimilation (ma), and δz = -30ˆ. Typical maximum values of m for 
Brachionus calyciflorus are 0.03. Figure 3.3a (upper panel): Relative error of SIR or SAR; note that errors overlap at low values 
of m (<0.01). Figure 3.3b (lower panel): relative error of assimilation efficiencies for different assimilation efficiencies and 
different δ values of the food. 
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Results 
Relative errors when calculating with δ values and approximating 
zooplankton mass 
Relative errors in estimated feeding parameters can be calculated and hence 
corrected for, exactly, using the formulae given in the Appendix. The relative 
error of ingestion and assimilation rates is very much dependent on m, the 
specific ingestion/assimilation (Mf /Mz, which is usually small in zooplankton 
feeding experiments), and δf (Appendix, Fig 3.3a). The relative error of 
assimilation efficiencies is directly dependent on mi/ma (= 1/assimilation 
efficiency) and decreases with increasing food enrichment (Appendix, Fig 3.3b). 
The relative size of the possible overestimation does not exceed 3%, showing 
that corrections are often unnecessary. 
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Figure 3.4. δ13C values of Scenedesmus obliquus following labelling with NaH13CO3 (t = 0) in an incubator at 120 µE quanta 
(PAR) m-2 s-1, 20°C and 100 RPM. Average values (n = 3) are given for two different experiments: one using cellulose-stoppered 
Erlenmeyer flasks (Âopen bottleÊ) the other using rubber septum-sealed bottles (Âclosed bottleÊ). Error bars are ± 1 SD. 
 
Labelling of the algae 
The enrichment of Scenedesmus obliquus in time is shown in Figure 3.4. The 
labelling process was so rapid that complete labelling was attained within 12 h. 
The initial slope of the lines is similar, showing the maximum uptake rates of 
NaHCO3 (mainly NaH
13CO3) by the green algae being similar (~7750 ˆ δ13C d-
1). However, in the open bottles, respiratory losses were already visible after 6 h, 
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when the enrichment slope started to decline. After 9 h, tracer uptake and 
respiratory loss of assimilated tracer were in equilibrium, and after that net 
loss of tracer started to occur, until all signs of enrichment had disappeared 
after 2 days. In the closed bottles, on the other hand, equilibrium was reached 
within 24 h, and δ values did not significantly differ up to the end of the 
experimental period (6 d, one-way ANOVA, F = 0.8053, P = 0.596). This 
illustrates the isotopic equilibrium principle (eq. 3.3e): as long as the system is 
closed and in equilibrium, tracer will remain present in the same quantities in 
all compartments of the system. 
 
Ingestion and assimilation rates, and assimilation efficiency 
Figure 3.5a shows the uncorrected estimates of mass-specific ingestion and 
assimilation rates based on δ values and unknown zooplankton. The δ13C value 
for the algae was around 5900 ˆ, for which the relative error is 8 % 
underestimation (Fig. 3.3a). This can be used to correct the estimated rates. 
Figure 3.5a also shows the high sensitivity of the stable isotope method: mass-
specific ingestion and assimilation rates as low as 0.025 mg C mg C-1 h-1 (i.e. 
2.5 ng C ind-1 h-1) can be measured with fairly high reproducibility. Also the 
maximum ingestion rates compare favourably with reported maximum 
ingestion rates for this species with radioisotope methods (e.g. Starkweather & 
Gilbert, 1977b, Rothhaupt, 1990). The (δ value) based assimilation efficiencies 
of B. calyciflorus (Fig. 3.5b) show a distinct pattern: assimilation efficiencies 
decrease with increasing food concentrations. 
 
Discussion 
Calculations 
The commonly used method for calculations when zooplankton mass is 
unknown in feeding studies using stable isotopes as tracers is based on 
fractions. With this method, the excess fraction in the sample is calculated after 
background subtraction (Fexcess = Fsample - Fbackground). Although the fraction 
approach is suitable for mass balances, we can prove that neglecting the mass 
difference between fed and unfed zooplankton may lead to serious errors in 
estimated feeding rates (not shown). We recommend using δ value 
approximations because these (a) can be applied directly on IRMS data instead 
of first having to calculate fractions (3.1b-c), therefore (b) do not require 
laborious background corrections, and (c) require less parameters for 
calculation. We offer methods to perform exact calculations on feeding rates and 
assimilation efficiencies, which may be preferable to more laborious and error-
sensitive calculation methods based on fractions. 
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Figure 3.5. Ingestion and assimilation rates, and assimilation efficiencies, calculated by approximation of zooplankton biomass and 
using the δ value method. Figure 3.5a (upper panel): Mass-specific ingestion (SIR) and assimilation rates (SAR) of Brachionus 
calyciflorus that have been feeding on different concentrations of 13C-labelled Scenedesmus obliquus; the lines show two type II 
functional responses that were fitted through these data, based on the least squares of the log-transformed ingestion rates; note 
the overlap between SIR and SAR at the lower concentrations. Figure 3.5b (lower panel): Assimilation efficiencies of Brachionus 
calyciflorus feeding on Scenedesmus obliquus derived from the same experiment. 
 
Determination of assimilation rates and efficiencies 
We showed that ingestion rates can be determined and corrected accurately. 
However, determination of assimilation rates and assimilation efficiencies 
brings several potential complications. Firstly, the decreasing assimilation 
efficiencies in Figure 3.5b with increasing food concentration indicate a 
methodological problem. Animals that have been feeding on very low food 
concentrations have very long gut passage times (Peters, 1984). When the gut 
residence times become larger than the experimental egestion time, the 
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assimilation efficiency may approach 100 %, because: 1) no tracer is lost 
through egestion, and 2) hardly any losses occur due to excretion or respiration. 
Because all samples are combusted, it is impossible to measure the same 
individuals for both ingestion and assimilation. This, by chance, may lead to 
calculated assimilation efficiencies higher than the theoretical maximum value 
of 100 %. So, we recommend that samples from different replicates are pooled in 
these calculations. To avoid gut residence time problems, Rigler (1971, cited in 
Lampert, 1977a), gives an alternative method in which the tracer is measured 
at two different times after the gut has been filled with labelled food. This 
method also prevents other potential problems such as: 1) nutritional 
adaptation and handling stress, 2) different tracer respiration losses of empty 
and full animals, 3) loss of previously assimilated substances through the gut 
wall, and 4) incomplete replacement of labelled with unlabelled food (Lampert, 
1977a). 
Secondly, respiratory carbon tracer losses may be another problem when 
measuring assimilation over longer periods of time (see Fig. 3.4). Although it is 
possible to measure 13CO2 and to add this carbon to the assimilated material to 
estimate real assimilation, animals probably consist of at least two 
compartments that affect the kinetics of any kind of tracer (Lampert & Gabriel, 
1984). This may lead to disproportionately high losses of 13CO2 when animals 
are exposed to enriched food, hence leading to overestimation of respiration and 
(corrected) assimilation. Lampert and Gabriel (1984) offer a method to correct 
for this problem, based on the linear relationship between tracer activity and 
respiration, which is also applicable to the presented calculations with stable 
isotopes. 
Thirdly, isotopic fractionation is a problem that may occur when working 
with stable isotopes in assimilation studies. Fractionation is a phenomenon 
whereby organisms tend to favour the incorporation of the rare, heavy isotope 
rather than the common, lighter isotope. The latter is caused by the fact that, in 
each chemical transformation, heavy isotopes concentrate in the molecules 
where bond strengths are greatest (Peterson & Fry, 1987). We neglected 
fractionation effects in all calculations, because we can prove that these effects 
are insignificant. We give a numerical example for carbon, with a feeding time 
of 1 h, ma = 0.1, δz = -30 ˆ, and δf = 1000 ˆ. Typical fractionation values are 1 
ˆ for δ13C (DeNiro & Epstein, 1978), so when assuming that all ingested 
carbon is built into animal structure, δf will become 1000 ˆ + 1 ˆ = 1001 ˆ, 
and δs will become maÛ1001 ˆ + -30 ˆ = 70.1ˆ. The mass-specific assimilation 
rate using equation (3.5d) will then be (70.1 ˆ - -30 ˆ)/1000 ˆ = 0.1001 mg C 
mg C-1 h-1. Compared to the ÂrealÊ assimilation rate of maÛT  = 0.1, this is a 0.1 % 
overestimation, equalling the relative fractionation of the algae in the animal. 
Compared to the relative error that is made due to the two-compartment tracer 
distribution (Lampert & Gabriel, 1984), fractionation is indeed negligible in 
most cases. 
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Optimisation of feeding experiments 
An increase of method sensitivity can then only be achieved by optimisation of 
the signal to noise ratio in the IRMS. Large improvements can often be made by 
critically following each step in the feeding experiment, from labelling to 
measurement. With many of these steps, there is the risk of contamination from 
the laboratory environment. Apart from cleaning tin cups, using special needles 
and forceps, sometimes the use of gloves may increase precision. Our algal 
labelling results (Fig. 3.4) showed that it is advisable to use airtight vessels to 
avoid respiratory losses of tracer. The zooplankton biomass itself can be 
optimised to the most sensitive measurement range of the IRMS, based on 
regressions between known quantities of zooplankton and mass signal (see 
Figure 3.1b). In the case of large zooplankton, even single individuals may give 
too high mass peaks. In that case, it is necessary to dry the zooplankton first, 
homogenise the material and weigh this very accurately into the measurement 
cups (cf. Lampert & Grey, 2003). Another option is adjusting the dilution of the 
gas flow entering the IRMS by changing the helium flow. By reducing the 
helium flow, Carman & Fry (2002) could use sample material masses as low as 
1 øg N for 15N and 2 øg C for 13C. However, these low quantities are more 
sensitive to background effects, so when applying this method, again the risk of 
contamination should be minimised (Carman & Fry, 2002). 
 
Dual labelling for differential uptake 
To study selectivity of zooplankton on different food types, the different food 
types of interest can be labelled with different stable isotopes. Feeding studies 
employing different types of radioisotopes have, for example, been carried out 
on mixtures of differently labelled bacteria and algae (Gophen et al., 1973; 
Lampert, 1974), on mixtures of algae and yeast (Starkweather & Gilbert, 1977b) 
and on mixtures of differently labelled algae species (Lampert & Taylor 1985). 
The same method can be applied to stable isotopes, where the limiting factors 
are the number and type of isotopes that can be handled by the IRMS, and the 
number of suitable stable isotopes.  
 
Stable isotopes and biomarkers 
Stable-isotope labelled biomarkers are very well applicable for studies of 
metabolic processes in zooplankton. Boschker & Middelburg (2002) have given 
an extensive review of these possibilities for microbial ecology, and more and 
more biomarkers are becoming commercially available. An interesting example 
of this has been the use of 13C-labelled amino acids to investigate amino acid 
metabolism and amino acid essentiality in vivo in chickens (Berthold et al., 
1991). Since there is much debate about what specific compounds limit 
zooplankton growth (e.g.: Hessen, 1992; Urabe & Watanabe, 1992, 1993; Brett, 
1993; Hessen, 1993; Urabe et al., 1997; Müller-Navarra et al., 2000, 2004), and 
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because certain essential compounds can be transformed into others (Von Elert, 
2002), stable-isotope labelled biomarkers can be applied to give more insight 
into the mechanisms behind food quality limitation of zooplankton population 
growth. 
There are certain stable isotopes of elements lacking radioisotopes (e.g. 
nitrogen) that offer options to make elemental budgets for zooplankton. There 
are also elements that do not have stable isotopes, but only radioisotopes (e.g. 
phosphorus). Various combinations of stable isotopes, radioisotopes and/or 
isotope-labelled biomarkers offer promising and almost unlimited possibilities 
for studies of physiological pathways and elemental budgets. 
 
Which method should be used? 
Commonly applied methods in quantitative zooplankton feeding studies are 
summarized in Table 3.1. The costs of the tracer particle method (e.g. beads) 
are determined by the price of the tracer particles, which is generally high. The 
accuracy of optical particle counting depends on the type of equipment: e.g. 
fluorescence-based methods allow measurements of very low signals and/or 
deconvolution of different wavelengths. The possibilities of measuring feeding 
on mixed food items simultaneously is limited by the type of equipment used, 
and the additional variables that can be measured with the method, e.g. the 
number of available isotopes in isotope studies. With tracer particles and 
radiotracers, sometimes aggressive chemicals have to be used in order to 
dissolve and store animals, and furthermore radioisotopes require laboratories 
that are designed for the use of these isotopes. 
The main disadvantages of stable isotopes are: requirement of special 
equipment, the requirement of a clean room for sample handling, the (still) 
relatively high costs of sample analysis and the long time required for sample 
preparation (i.e.: cleaning of tin cups, weighing of reference material, picking of 
animals, drying of samples, folding of tin cups) (Table 3.1). On the other hand, 
the sample analysis times are short, the methodological accuracy is high and 
can be optimised, required feeding times are short, and ingestion and 
assimilation rates can be measured directly.  
Compared to radioisotopes, the application of stable isotope tracers in 
zooplankton feeding studies offers several advantages:  
1. Compared to direct disintegration counts, no self-absorption will occur 
(Peters, 1984; Gulati, 1985), and compared to scintillation counts, no 
potentially harmful tissue solubilisers or scintillation cocktails are required. 
2. No potentially harmful radiation is emitted, so no separate laboratories are 
required for feeding experiments, nor is handling or storage of stable 
isotopes and samples subject to legal restrictions. 
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3. Dried samples can be stored in a desiccator for a long period of time without 
loss of label, which is advantageous when handling large numbers of 
samples. 
4. Elements that do not have radioisotopes sometimes have stable isotopes (e.g. 
15N), and very specific stable-isotope labelled biomarkers are increasingly 
available. 
The first three points allow safe and uncomplicated application of stable 
isotopes in any laboratory or field experiment, as long as sample drying and dry 
storage is feasible. Although we are aware that there is not a single Âbest 
methodÊ for measuring zooplankton feeding, we think stable isotopes offer an 
attractive alternative or addition to available traditional methods for 
measurements on zooplankton feeding. 
 
Table 3.1. Attributes of some commonly used methods for the study of zooplankton feeding in the laboratory. The term semi-direct 
is used when only part of all ingested particles can be measured. 
Method 
Stable 
isotope 
tracer 
Radiotracer 
Gut 
fluorescence 
Tracer 
particles 
Microscopic 
cell counts 
Optical 
particle 
counts 
Electronic 
particle 
counts 
Quantification of 
ingestion 
(semi-) 
direct 
(semi-) 
direct 
direct semi-direct indirect indirect indirect 
Quantification of 
assimilation 
direct direct no no indirect no indirect 
Requirement of special 
equipment 
yes yes yes no no yes yes 
Costs per sample analysis high high low high low low low 
Accuracy of method high high low low low high low 
Preparation time long long low short short short short 
Feeding time short short short short long long long 
Sample analysis time short short short long long short short 
Animal density required low low low low high high high 
Mixed food items 
possible? 
limited limited no no unlimited limited no 
Additional variates element type element type pigment type 
size  
(+ pigment 
type) 
algal species 
(+ morpho-
logy) 
size  
(+ pigment 
type) 
size 
Safety precautions 
necessary? 
no yes no yes no no no 
Sample conservation 
method 
desiccator fixative fixative fixative fixative fixative fixative 
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Appendix: Error calculation 
We quantified the relative errors that occur when approximating zooplankton 
biomass and using δ values by comparing this method with the Âfraction 
methodÊ. These formulae can be used directly to correct calculated feeding and 
assimilation rates. We have chosen not to show the intermediate steps of 
calculation, but these can be supplied upon request. Briefly, we introduced an 
additional variable m (= Mf/Mz), representing the relative ingestion (mi) or 
assimilation (ma), and expressed all masses in terms of m. For implementation 
of these sometimes lengthy equations, it should be taken in mind that, apart 
from the chance of typing errors, one very commonly used spreadsheet 
programme even requires extra brackets, e.g. for multiplications within 
denominators.  
The relative error (RE) of ingestion rates (5b,c), compared to the original 
method (eq. 3.4d,e), equals 
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We also calculated the relative error (RE) of this approach for 
assimilation efficiencies, using specific ingestion (mi) and assimilation (ma). We 
introduced an additional variable to relate the different masses during both 
experiments, but this variable fell out of the final result, leaving: 
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Abstract 
Aquatic organisms continuously excrete a mixture of various 
kinds of chemicals. Some of these chemicals function as 
infochemicals, capable of modifying feeding interactions, 
both directly and indirectly. We studied the chemically 
mediated interactions between the rotifer Brachionus 
calyciflorus and its chlorococcalean food algae. Both direct 
and indirect effects (i.e. mediated through induced changes 
in algal size) were investigated. The chemicals investigated 
were filtrates of algae cultured in monocultures (algal 
chemicals), of rotifers kept at high densities in medium with 
low concentrations of algae (conspecific/crowding chemicals), 
and of mixed cultures of algae and rotifers (grazing 
chemicals). Only filtrate from very high algal concentrations 
(100 mg C L-1) stimulated feeding by B. calyciflorus, 
suggesting that algal chemicals may be involved in patch 
location. Grazing chemicals did not seem to affect rotifer 
feeding. Conspecific (crowding) chemicals lowered maximum 
ingestion and assimilation rates of B. calyciflorus, which we 
attribute to toxic conspecific metabolites. The mean particle 
volume (MPV) of Scenedesmus obliquus was neither affected 
by algal chemicals nor by crowding chemicals alone. 
However, grazing chemicals had a strong effect on algal 
MPV, inducing colony formation in S. obliquus. B. 
calyciflorus maximum ingestion and assimilation rates and 
assimilation efficiencies all declined monotonically with algal 
MPV. However, inducible colony formation only seems to be 
effective above the optimum size for ingestion by B. 
calyciflorus. Our results show that even within this simple 
bitrophic interaction, several chemical pathways are capable 
of altering the interaction strength between algae and 
herbivorous zooplankton.  
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Introduction 
In pelagic food webs, trophic interactions are not solely determined by physical 
interactions of their living constituents. Chemicals excreted by organisms in the 
food web form a complex environment of odours (infochemicals) and other 
chemicals (e.g. nutrients, toxicants) which directly or indirectly affect the 
behaviour and physiology of these organisms. Thus, organism-excreted 
chemicals are involved in structure, functioning and evolution of food webs. To 
be able to understand, recognize and predict such changes in natural pelagic 
food webs, we need insight in how, and to what extent, this complex „chemical 
web‰ is capable of affecting trophic interactions in the pelagic. This article will 
reveal that even within a seemingly simple bitrophic system of one rotifer 
species and its phytoplankton food, already several chemical pathways are 
involved, each capable of significantly modifying the feeding interaction, both 
directly and indirectly. 
The cosmopolitan herbivorous rotifer Brachionus calyciflorus Pallas is a 
typical inhabitant of many eutrophic freshwater systems (e.g.: Jeppesen et al., 
1990; Gosselain et al., 1998), and is being widely used as food organism in 
freshwater aquaculture (e.g. Park et al., 2001). Although the feeding of B. 
calyciflorus has been the subject of study for decades (e.g. Gilbert and 
Starkweather, 1978; Rothhaupt 1990a,b; Starkweather 1995), the chemical 
ecology of its feeding is less well understood, in particular the chemicals and 
causal mechanisms involved (Snell, 1998). Our study investigated the direct 
and indirect effects of the chemicals that are involved in the feeding interaction 
between B. calyciflorus and its algal food (Fig. 4.1), which include the effects of 
algal chemicals on rotifer feeding (A), effects of conspecific chemicals (crowding 
chemicals) on rotifer feeding (B) and effects of rotifer chemicals on algae, which 
alters algal morphology (C) and hence may affect rotifer feeding. 
In the complex suspended mixture of organic and inorganic particles, B. 
calyciflorus has to locate its food, and recognize it as being edible (Fig. 4.1A). To 
do that, the rotifer corona is surrounded by many chemo- and mechanosensory 
neurons (see references in Snell, 1998). B. calyciflorus and congeners change 
their swimming and feeding behaviour in response to food type and density in 
the environment (Gilbert and Starkweather, 1978; Snell et al., 1987). Individual 
B. calyciflorus have been reported to attach more frequently, swim slower and 
increase their turning rates in algal suspensions compared to control medium 
(Charoy and Clément, 1993). Also, B. calyciflorus are able to detect algal 
patches in the absence of physical contact (Charoy 1995), which suggests that 
algal odours (Fig 4.1A) may be involved in the foraging behaviour of B. 
calyciflorus. These odours could either be released directly by the algae, or be 
released due to grazing activities, or both (Jensen et al., 2001).  
Chemicals released by conspecifics (crowding chemicals) have the 
potential to alter feeding by B. calyciflorus (Fig 4.1B). Although, to our best 
knowledge, this has not been established yet for Brachionus species, crowded 
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medium has shown to induce life history shifts. For example, crowded medium 
induces mixis in Brachionus species (Gilbert, 2003; Stelzer and Snell, 2003), 
and affects demographic parameters in various rotifer species (Kirk, 1998; 
Yoshinaga et al., 1999). Under sufficient food conditions, autotoxic effects 
become emergent at densities around 10-100 rotifers ml-1 (Snell et al., 2001). 
This could be reflected in the feeding behaviour of B. calyciflorus, which is a 
sensitive proxy for toxicity (Snell et al., 1987; Juchelka and Snell, 1994). Even 
when these chemicals would not have toxic effects, crowding chemicals could 
contain pheromones, e.g. chemicals involved in aggregation behaviour. If B. 
calyciflorus is able to detect the presence of conspecifics via such released 
pheromones it could respond to differences in densities of conspecifics. This 
would make it possible to avoid high densities of conspecifics, which could be 
more profitable than to aggregate with conspecifics within algal patches (Van 
Gool and Ringelberg, 1996). Hence, crowding chemicals may somehow affect the 
feeding behaviour of B. calyciflorus. 
 
 
A 
C 
B 
 
Figure 4.1. Scheme of potential effects of algal- and rotifer-released infochemicals on feeding interactions between Brachionus 
calyciflorus (bottom) and its food algae (top). Three chemical pathways are involved in these interactions: (A) algae-released 
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chemicals that may affect feeding; (B), rotifer-released (crowding) chemicals that may affect feeding and (C) rotifer-released 
chemicals that may induce colony formation in algae, which in turn may affect feeding.  
In addition to these direct effects on feeding, indirect chemical-mediated 
effects may also alter food intake rates. Grazing B. calyciflorus excrete 
chemicals (Fig. 4.1C, dotted arrow) that may induce defences in their algal food 
(Fig. 4.1C, solid arrow). To select its algal prey, B. calyciflorus is largely 
dependent on tactile information (mechanoreception), and shows a clear size 
preference (DeMott, 1986; Rothhaupt, 1990a,b; this article). In the natural 
(eutrophic) habitat of B. calyciflorus, green algae are often dominant (e.g.: 
Halbach & Halbach-Keup, 1974; Jeppesen et al., 1990; Gosselain et al., 1998), 
and B. calyciflorus may feed preferentially on these algae (Pourriot, 1977). 
Many Chlorophyta are able to rapidly change their size in response to grazing-
released chemicals of various zooplankton species, which may be an effective 
defence mechanism against small herbivores (Van Donk et al., 1999). The 
adaptive significance of grazer infochemical-induced colony formation in 
Scenedesmus obliquus (Turpin) Kützing is generally thought to be a defence 
mechanism. However, most evidence for this defence is circumstantial, and the 
real defensive benefits of colony formation (i.e. diminished grazing) have only 
received marginal attention this far.  
Also B. calyciflorus has been found to induce colony formation in many 
strains of the chlorophyte genera Scenedesmus and Desmodesmus, and this 
colony formation is proportional to the concentration of infochemicals 
(Verschoor et al., 2004, chapter 2). Many of these colonies are still within a size 
range that can be ingested by B. calyciflorus (Pourriot, 1977; Rothhaupt, 1990b), 
so they do not offer complete defence against ingestion. Probably, the costs of 
colony formation, such as sedimentation (Van Donk et al., 1999; Verschoor, 
A.M., O.K. Bekmezci and J. Vijverberg, chapter 6), prohibit these algae from 
becoming completely inedible. If a defence is not completely effective, the 
protective benefit of it depends on prey density: defences may affect attack rate 
(i.e. maximum clearance rate for suspension feeders) and/or handling time of 
the prey (Jeschke and Tollrian, 2000). For suspension-feeding herbivores, an 
increase in algal size would only have a defensive benefit if the size increase 
makes the algae larger than the optimum size for ingestion. Above this size, 
food handling times increase, leading to a decrease of maximum ingestion rate 
decreases (e.g. Rothhaupt, 1990b; Hansen et al., 1997) and consequently a 
decrease of maximum assimilation rates. 
To investigate these direct and indirect chemical effects, we addressed 
three main research questions:  
1. What are the effects of algal-released chemicals and conspecific chemicals 
on the feeding rate of B. calyciflorus? 
2. Do rotifer and/or grazing-released chemicals induce colony formation in S. 
obliquus?  
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3. Does increased algal particle size alter attack rates or maximum 
ingestion/assimilation rates in B. calyciflorus? 
 
Materials and methods 
Before the actual experiments were carried out, chemicals (filtrates) were 
obtained from algae, from B. calyciflorus and from B. calyciflorus that had been 
grazing on algae. A total of four experiments were carried out. Firstly, we 
compared the ingestion rates of B. calyciflorus at a fixed food concentration (1 
mg C L-1 S. obliquus), when exposed to these different chemicals (Experiment I). 
Secondly, we compared the functional response (both ingestion and assimilation 
rates) of B. calyciflorus when exposed to filtrate of high densities of conspecifics 
(crowding water; Experiment II). Thirdly, we performed a bioassay on the 
morphological response of S. obliquus when exposed to the chemicals produced 
in Experiment I (Experiment III). Finally, we compared the functional response 
of B. calyciflorus on S. obliquus cultured under control conditions (medium size) 
and on S. obliquus cultured in medium with grazing-chemicals (induced 
colonies = large size). We furthermore compared these functional responses to 
those on a small, non-inducible, strain of S. obliquus (UTCC T7) and on the very 
large Desmodesmus maximus Hegewald (UTEX 614) (Experiment IV); these 
closely related Scenedesmaceae lack inducible colony formation (Verschoor et 
al., 2004, chapter 2). 
The following phytoplankton species and strains have been used: 
Scenedesmus obliquus from the culture collections of the University of Toronto, 
Canada (UTCC T7) from the Max Planck Institute for Limnology, Germany 
(MPI), from the University of Texas at Austin, United States of America (UTEX 
2630) and from the Norwegian Institute for Water Research (NIVA-CHL6), and 
Desmodesmus maximus (UTEX 614). Brachionus calyciflorus were raised from 
commercially available resting eggs (MicroBiotest Inc., Nazareth, Belgium). 
COMBO medium was used as universal phytoplankton and zooplankton 
medium (Kilham et al., 1998).  
 
Feeding experiments 
To label algae with stable carbon (13C), a concentration of 10 mg algal C L-1 was 
incubated for 24 h in medium with additional 5.0 mg NaH13CO3 L
-1. 
Incubations were done at 20°µ0.5° C, 120 ømol quanta photosynthetically active 
radiation (PAR) m-2 s-1 and 100 revolutions per min (RPM). After incubation, 
algae were centrifuged and washed twice in C-free medium (without NaH13CO3 
or organic buffer), and measured on a CASY electronic particle counter (Schärfe 
System Gmbh, Reutlingen, Germany) and a UNICARB carbon analyzer 
(Salonen 1979). For each food concentration tested, algal suspensions were 
prepared in quadruplicate in Erlenmeyer bottles. To obtain uniformly sized 
animals, we used animals that passed through a 120øm filter but that were 
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retained on a 80øm filter. B. calyciflorus were acclimatised to the algal 
concentrations that would be used in the experiment in unlabelled algae 
suspensions on a slowly rotating table (40 RPM) at 20°µ0.5° C in dim light. 
Approximately 200 B. calyciflorus were added to the labelled algae suspensions, 
in final volume of 50 ml, under the same conditions as acclimatisation. The 
animals were allowed to feed for 10 min, which is half the gut residence time. 
After feeding, animals were removed immediately, rinsed in C-free medium and 
washed out into Petri dishes containing 30 g L-1 NaCl solution. From there, 
sufficient numbers of animals (at least 50) were put into 5 × 8 mm pressed tin 
cups (Elemental Microanalysis Ltd., Okehampton, United Kingdom). Cups were 
dried for 24 h at 70 °C, and then measured in a Carlo Erba 1106 Elemental 
Analyser (EA) coupled online with a Finnigan Delta-S isotope ratio mass 
spectrometer (IRMS). We calculated corrected carbon-specific ingestion and 
assimilation rates on the basis of delta values, for more details on methods and 
calculations see Verschoor et al. (accepted, chapter 3). Assimilation efficiencies 
were determined per replicate (bottle), from the ratio between ingestion and 
assimilation rates. 
 
Experiment I. Effects of algal, rotifer, and grazing chemicals on rotifer feeding 
S. obliquus UTEX 2630 were incubated in densities of 0, 10 and 100 mg C L-1 
and B. calyciflorus in densities of 0, 10, and 100 ind. ml-1, yielding 9 possible 
algae × rotifer density combinations. Algal densities were calculated from 
regressions between absorption at 750 nm and carbon content. After 24h, these 
suspensions were pre-filtered over a 60øm mesh screen and filtered over pre-
combusted glass fibre filters (Whatman GF/F). These filtrates were used to 
prepare suspensions of labelled S. obliquus UTEX 2630 of 1 mg C L-1, which 
were applied in 10 min grazing experiments.  
Because of non-normal and heteroscedastic data (BartlettÊs test), a two-
way ANOVA was applied on ranked data using the Scheirer-Ray-Hare 
extension of the Kruskall-Wallis test (Sokal and Rohlf, 2000), followed by 
pairwise comparisons using the Mann-Whitney U-test. 
 
Experiment II. Effects of crowded medium on the rotifer functional response 
Prior to the experiment, B. calyciflorus were incubated in densities of 0 (control 
medium) or 100 ml-1 (crowding water), S. obliquus MPI were incubated in 
densities of 10 mg C L-1 and filtered as previously described. Grazing 
experiments were performed in suspensions of 0.1, 0.2, 0.5, 1, 2, 5, and 10 mg C 
S. obliquus MPI L-1, made from either control medium or crowding water. After 
10 min. of grazing, half of the animals in each bottle were sampled immediately 
for ingestion rate determinations, whereas the other half were rinsed 
intensively and left to defecate in C-free medium. After 1 h, these animals were 
sampled for determination of assimilation rates. 
 
Chemically mediated interactions between Brachionus calyciflorus and its food algae 
 69 
Experiment III. Effects of algal, rotifer, and grazing chemicals on algal size 
Scenedesmus obliquus UTEX 2630 were harvested from log-phase batch 
cultures, centrifuged (2500 RPM, 10 min) and suspended in the filtrates that 
were obtained in Experiment I. Inoculum densities were 2×106 øm3 ml-1, in 
final volume of 50 ml, which were incubated in cellulose-plug stoppered 100 ml 
Erlenmeyer bottles Incubations ran in triplicates for 48 h, in an incubator set at 
20 °C, 100 RPM and continuous light (120 ømol photons (PAR) m-2 s-1, cool 
white fluorescent tubes). Colony sizes were measured at t=0 and t=48 h, using a 
CASY cell counter (Schärfe System Gmbh, Reutlingen, Germany). After testing 
for homoscedasticity (BartlettÊs test), final mean particle volumes were 
analysed by two-way ANOVA followed by pairwise comparisons between 
treatments using TukeyÊs HSD test. 
 
Experiment IV. Effects of algal size on the rotifer functional response 
This experiment investigated the functional response of B. calyciflorus on two 
differentially sized strains of S. obliquus: the small UTCC T7, which has no or 
only a weak inducible response to zooplankton infochemicals in previous 
experiments (Lürling, 1999; Verschoor et al., 2004, chapter 2), 2 sizes of the 
larger UTEX 2630 (control and infochemical-induced), and on the very large 
and spiny D. maximus UTEX 614. Differently sized UTEX 2630 were obtained 
by incubating 10 mg C UTEX 2630 L-1 with 100 B. calyciflorus ml-1 (treatment), 
or alone (control) in the dark for 24 h, and filtering as previously described. 
These UTEX 2630 were either incubated with 20 % (vol) treatment or control 
medium, and all algae were labelled for 24h. Grazing experiments were 
performed with B. calyciflorus feeding on these algae in food concentrations of 
0.1, 0.2, 0.5, 1, 2, 5, and 10 mg C L-1, and ingestion and assimilation rates were 
determined as described previously. 
 
Functional response estimates and comparisons 
Carbon-specific uptake rates (SR), either ingestion (SIR) or assimilation rates 
(SAR), both mg C mg C-1 h-1, were fitted to the curvilinear Michaelis-Menten 
model 
( )hFCFC
SR
FCSR
+
×= max         (4.1) 
where FC is the food concentration (mg C L-1), SRmax the maximum carbon-
specific uptake rate (mg C mg C-1 h-1), and FCh the half-saturation food 
concentration (mg C L-1). This model is mathematically equivalent to a Type II 
model (Real, 1977), but has parameters that are easier to interpret when using 
carbon-specific rates. Fitting was done by iterative non-linear regression of the 
functional response model on carbon-specific ingestion and assimilation rate 
data. Because variance increased with food concentration, we minimised the 
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squared residuals between log10-transformed observations and model 
predictions.  
Our null hypothesis (H0) was that the separate functional response 
models were not significantly better predictors than the model fitted to the 
pooled observations. This hypothesis was compared against the alternative 
hypothesis (H1) that the separate models were better predictors, using the 
significance of the maximum likelihood ratio statistic G,  






×=
within
among
MS
MS
NG ln          (4.2) 
where N is the total number of observations, MSamong the total variance of the 
residuals between the log10-transformed predicted and observed values of the 
alternative model (H1), and MSwithin the variance of the residuals of the null 
model (H0). G has a χ2 distribution with degrees of freedom corresponding to the 
sum of the number of parameters estimated (in this case 2) and the number of 
model fits being compared (Cerrato, 1990). 
For analysis of assimilation efficiencies, we first tested our data on 
linearity within treatments which was decided if only the first-order term of a 
polynomic regression was significant. To obtain linearity, assimilation 
efficiencies were again log-transformed. Then, data were tested on 
homoscedasticity (Hartley Fmax), and we applied an analysis of covariance 
model (ANCOVA), for which we first compared the slopes of the regressions. 
Since slopes of the compared regressions were not significantly different, the 
interaction terms were removed from the model to perform tests on treatment 
effects. In case of significant treatment effects, we applied contrast analyses 
between the separate treatments. 
Except for the comparisons of the functional response models, which were 
done manually with a spreadsheet program, all analyses were done using 
Statistica 6.1 (Statsoft, Inc., Tulsa, Oklahoma, United States of America). 
 
Results 
Experiment I. Effects of algal, rotifer and grazing chemicals on rotifer feeding 
Neither algal, nor rotifer chemicals had significant effects on the carbon-specific 
ingestion rate (SIR) of B. calyciflorus (Fig. 4.2A), but they had a significant 
interaction effect (χ2=22.15, df=4, p=0.0002). The highest algae concentration, 
filtrate of 100 mg C algae L-1 without rotifers (NH), yielded remarkably high 
ingestion rates, and was the only group which was significantly different from 
all other treatments (all U=0.00, df=4,4, p=0.0286). When both algae and 
rotifers had been present in the suspension used to produce test water, i.e. 
when algae had been grazed, the stimulatory effect of algal smell on feeding 
disappeared. In the absence of rotifers in the test medium, algal odours seemed 
to have a stimulatory effect on rotifer feeding (compare NN, NM and NH in Fig. 
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4.2a), and regression of SIR against the concentration of Âalgal smellÊ is 
significant (SIR = 0.0007 × algae concentration + 0.1074, r2 = 0.8023, p<0.0001). 
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Figure 4.2. Effect of various chemicals released by S. obliquus and B. calyciflorus on: (A) Carbon-specific ingestion rates (SIR) of 
B. calyciflorus, and (B) Mean particle volume (MPV) of S. obliquus. Treatments are initial abundances of S. obliquus and B. 
calyciflorus prior to 24 h incubation. Treatment codes: first letter stands for B. calyciflorus density, second letter for S. obliquus 
density. N = not present, M= moderate density (10 ind. ml-1 B. calyciflorus or 10 mg C L-1 S. obliquus ), H=high density (100 
ind. ml-1 B. calyciflorus resp. 100 mg C L-1S. obliquus). 
Experiment II. Effects of crowding chemicals on rotifer functional response 
When B. calyciflorus was exposed to crowded medium, both ingestion (Fig 4.3a) 
and assimilation rates (Fig. 4.3b) decreased. Maximum ingestion and 
assimilation rates were lowered by 23% and 39%, respectively; half saturation 
food concentrations for ingestion and assimilation rates were 6% and 10% lower, 
respectively (Table 4.1). The effect of crowded medium on the functional 
response was significant (Table 4.1). Although the effect on assimilation rates 
was more pronounced than the effect on ingestion rates, the assimilation 
efficiencies in crowded medium were not significantly different from control 
medium (Table 4.2) 
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Figure 4.3. A) Carbon-specific ingestion rates (SIR), B) Mass-specific assimilation rates (SAR), and C) Carbon assimilation 
efficiencies (AE) of B. calyciflorus grazing on different concentrations of S. obliquus, in control medium (filled circles) and 
crowded medium (open circles). For SIR and SAR, we plotted the fitted functional response models for both control medium (solid 
line) and crowded medium (dashed line). Both scales are logarithmic, except for assimilation efficiencies. Symbols for crowded 
medium have been offset to the right for visibility. 
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Table 4.1. Pairwise comparison of the fitted functional response curves within and between the grazing experiments on the effects 
of rotifer released (crowding) chemicals on the feeding of B. calyciflorus (Experiment II) and on the effects of different mean 
particle volumes of Scenedesmaceae on the feeding of B. calyciflorus (experiment IV). Given are the mean particle volumes of the 
different algae (MPV, µm3), parameter estimates for maximum carbon-specific ingestion and assimilation rates (IRmax resp. ARmax, 
mg C mg C-1 L-1), the half saturation food concentration (FCh, mg C L-1), the numbers of observations (n). Between rows, the 
results of the pairwise comparisons of the models are given by the maximum likelihood ratio statistic G (all being χ2 distributed, 
df=4) and its significance (p). Because of heteroscedasticity, model fits were done on log-transformed data. Abbreviations used: 
for algal strains, see Materials and methods section; for treatments: C= control medium, CW= crowded medium, and G= grazing 
filtrate. 
    
Ingestion assimilation
 Strain 
Treat- 
ment 
MPV SIRmax FCh n G p SARmax FCh n G p 
Exp. II MPI C 59 0.538 1.010 22 0.292 0.437 22 
 MPI CW 59 0.414 0.848 25 
14.43 0.0061 
0.178 0.394 26 
61.03 <0.0001 
    
Exp. IV UT  45 0.432 1.500 25 0.312 1.222 25 
1.36 0.85 22.61 0.0002 
 UX C 149 0.364 1.116 22 0.198 0.645 22 
26.76 <0.0001 51.00 <0.0001 
 UX G 252 0.207 0.686 22 0.094 0.224 22 
23.84 <0.0001 15.51 0.0037 
 DM  756 0.113 0.188 23 
  
0.062 0.099 21 
  
    Inter- 
comparison 
UT  45 0.432 1.500 25 0.312 1.222 25 
33.62 <0.0001 51.40 <0.0001 
 MPI C 59 0.538 1.010 22 0.292 0.437 22 
43.68 <0.0001 70.31 <0.0001 
 UX C 149 0.364 1.116 22 
  
0.198 0.645 22 
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Figure 4.4. A) Carbon-specific ingestion rates (SIR), (B) Mass-specific assimilation rates (SAR), and (C) Carbon assimilation 
efficiencies (AE) of B. calyciflorus grazing on different concentrations of algal strains. Strains and treatments were: S. obliquus 
UTCC T7 (UT: 45 µm3), S. obliquus UTEX 2630 exposed to control medium (UX, C: 149 µm3), UTEX2630 exposed to filtrate of 
grazing B. calyciflorus (UX, G: 252 µm3) and D. maximus UTEX614 (DM, 756 µm3). 
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Table 4.2. Results of the ANCOVA tests on log-transformed assimilation efficiencies, determined from grazing experiments on the 
effects of conspecific (crowding) chemicals on the feeding of B. calyciflorus (Experiment II) and on the feeding of B. calyciflorus 
on Scenedesmaceae of different mean particle volumes (Experiment IV). Both Experiments II and III did not reveal significant 
differences between slopes (Exp. III: MS=0.0185, F1,41=2.41, p=0.13; Exp. IV: MS=0.0197, F3,77=1.91, p=0.14), so the 
interaction terms (Log food concentration × Treatment) were removed for further testing on treatment effects. Log-transformed 
data were used to assure homoscedasticity and a linear correlation between dependent and independent variables. Abbreviations 
used as in Table 4.1. 
Test Source df Mean square F value p 
Experiment II Model 1 0.3936 49.57 <0.0001 
 Log food concentration 1 0.1954 24.61 <0.0001 
 Treatment (crowding) 1 0.0030 0.38 0.54 
 Error 
4
2 
0.0079   
      
Experiment III Model 4 0.1109 10.36 <0.0001 
 Log food concentration 1 0.3415 31.91 <0.0001 
 Treatment (algae size) 3 0.0450 4.20 0.0082 
 Error 
8
0 
0.0107   
      
 Contrast analysis     
 UT vs. UX, C 1 0.0152 1.42 0.24 
 UT vs. UX, G 1 0.0564 5.27 0.024 
 UT vs. DQ 1 0.1216 11.36 0.0012 
 UX, C vs. UX, G 1 0.0131 1.22 0.27 
 UX, C vs. DM 1 0.0495 4.62 0.035 
 UX, G vs. DM 1 0.0108 1.01 0.32 
 
Experiment III. Effects of algal, rotifer and grazing chemicals on algal colony 
formation 
For S. obliquus exposed to the same chemicals as in experiment I, a totally 
different pattern emerges for mean particle volumes (Fig. 4.2b). Both algae and 
rotifer chemicals had significant effects on mean particle volumes (MPV; algae: 
F2,26=4.74, p=0.0223, zooplankton F2,26=17.93, p<0.0001), and had a significant 
interaction effect (F4,26=4.66, p=0.0093). Only the treatment with intensive 
grazing (highest initial algae and rotifer densities) had significantly larger 
MPVs than all other treatments (all Tukey HSD test, p<0.05). The lack of 
response of algae exposed to test water either from high algal densities alone or 
from high rotifer densities alone indicates that algal mean particle volume was 
only affected by test water in which sufficient grazing had taken place. 
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Experiment IV. Effects of algal mean particle volume on rotifer feeding 
Similar to Experiment II, grazing chemicals increased colony size in S. obliquus 
UTEX 2630. MPVs of this strain and the other strains investigated are given in 
Table 4.1. Ingestion and assimilation rates decreased with increasing MPV 
(Figs. 4.4A,B), caused by lowered maximum ingestion and assimilation rates 
and lower half saturation food concentrations (Table 4.1). Most pairwise 
comparisons of the ingestion and assimilation rates yielded highly significant 
differences, except for the comparison of ingestion rates between S. obliquus 
UTCC-T7 (45 øm3) and UTEX 2630 (controls, 149 øm3). However, when 
performing pairwise comparisons between S. obliquus MPI used in the 
crowding water experiment (59 øm3) and the latter two strains, we found highly 
significant differences for both ingestion and assimilation rates. 
The effects of algal particle size on assimilation efficiencies are relatively 
small (Fig. 4.4C). Nevertheless, the ANCOVA showed a significant treatment 
effect (Table 4.2). Contrast analysis revealed no significant differences between 
adjacent species pairs when grouped in order of MPV (Table 4.1), but species 
pairs further apart differed significantly (Table 4.2), suggesting a gradual size 
effect. 
 
Discussion 
Food location and recognition 
Apart from behavioural experiments on B. calyciflorus (Charoy 1995), not much 
is known about the effects of algal filtrate on the feeding of B. calyciflorus. One 
earlier publication by Halbach and Halbach-Keup (1974) showed negative 
effects of algal filtrate on survival and fecundity, and suggested reduced feeding 
rates as a result of toxic algal metabolites from the edible green alga Chlorella 
pyrenoidosa. Our experiment does not support such a toxic effect, rather a 
stimulating effect on feeding at high door concentrations, although this does not 
exclude a long-term negative effect on life history parameters. Published 
experiments using crustacean zooplankton also yielded a variety of responses to 
chemicals from algae that were considered edible, even within the same 
strains/species. Among the responses found were attraction (e.g. Van Gool and 
Ringelberg, 1996), indifference (e.g. DeMott and Watson, 1991), and reduction 
in feeding activity (Wagner and Kamjunke, 2001). A direct comparison of the 
results of these experiments is not possible, since experimental conditions 
varied greatly among studies.  
Results of our Experiment I revealed significantly enhanced feeding only 
at very high algal door concentrations. Animals in natural environments 
usually have different feeding histories compared to well-fed laboratory animals. 
It is known that under starvation, B. calyciflorus show a more pronounced 
change in swimming behaviour within patches with algae (Charoy and Clément, 
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1993) and algal odours (Charoy 1995). This could be an adaptive mechanism, so 
that when food becomes scarce, B. calyciflorus increases its patch search and/or 
residence time. Furthermore, a natural patchy environment probably has 
stronger door gradients, which would again increase the sensory ability to 
locate algal patches. In our well-stirred vessels, only a very high door stimulus 
could significantly enhance rotifer feeding activity. This still leaves the question 
how B. calyciflorus is able to distinguish individual food particles within an 
algal patch. Distance chemoreception (ÂsmellÊ) does not seem to be very likely 
due to weak door gradients (DeMott & Watson, 1991). Also, contact 
chemoreception (ÂtasteÊ) does not seem to have a very high resolution in B. 
calyciflorus (DeMott, 1986; Rothhaupt 1990a; Starkweather 1995). On the other 
hand, B. calyciflorus has a clear size preference (DeMott, 1986; Rothhaupt, 
1990a; Fig. 4.5), which suggests that mechanoreception is its main sensory 
equipment to discriminate algae when they are within contact distance. 
 
Crowding effects 
Crowding water did not have a significant effect on food uptake in experiment I, 
but experiment III (over a large range of food concentrations) revealed a weak 
but significant effect on ingestion rates, and a more pronounced effect on 
assimilation rates. To understand the variety of crowding responses described 
in zooplankton literature, we propose to distinguish at least two types of 
chemicals that can be produced as a result of crowding. The first type are 
species-specific infochemicals (pheromones), which may have effects on 
reproductive parameters (e.g. Yoshinaga et al., 1999; Gilbert, 2003). The second 
type is species-unspecific metabolites, which have toxic effects (e.g. reduced 
feeding rates, reduced enzyme activities) when exceeding certain threshold 
concentrations. 
 
Table 4.3. Chemical composition of crowding water obtained from experiment I. 
Concentration (mg L-1) Rotifer density (ind. ml-1) 
Compound 0 10 100 
Total dissolved P2 0.705 0.902 1.253 
Nitrate-N1 12.900 12.900 12.900 
Ammonium–N3 0.011 0.059 0.330 
Organic carbon2 0.600 1.100 2.300 
Proteins2 0.700 1.250 2.900 
Carbohydrates2 0.1 0.350 1.900 
1: only single determinations done    
2: average of duplicate 
determinations 
   
3: average of triplicate 
determinations 
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In our study, the reduced ingestion and assimilation rates were probably 
caused by toxic metabolites excreted by B. calyciflorus, which were present 
below (Exp. I) or above (Exp. II) the threshold concentration to affect feeding 
rates. A preliminary chemical analysis of our crowding water revealed several 
candidates for these metabolites: dissolved phosphorus, ammonia, 
carbohydrates, proteins and total organic carbon (Table 4.3). Of these chemicals, 
unionized ammonia has shown to have rapid and deleterious effects: it may 
reduce swimming, and thus feeding, activity within a 10 min exposure period 
(Snell et al. 1987). Measurement of our crowding water showed a 30-fold 
increase of total ammonia (0.33 mg NH3 L
-1) compared to the controls (0.011 mg 
NH3 L
-1, table 4.3), which suggests that this chemical could potentially be 
responsible for the observed results. Unionized ammonia could even affect 
carbon assimilation efficiencies through altering the activities of enzymes such 
as glucosidase, but threshold concentrations for such effects on Brachionus spp. 
are in the order of several mg L-1 (Araujo et al., 2000, 2001). 
 
Adaptivity of inducible colony formation 
The interaction effect in Experiment III (Fig. 4.2B) revealed that induction of 
colony formation in S. obliquus is through chemicals that are released by 
grazing B. calyciflorus, and not by rotifer or algal chemicals alone. The increase 
in size depends on the amount of algae that have been grazed previously. This 
is in line with earlier observations that MPV increases with increasing 
concentration of grazing chemicals (Verschoor et al., 2004, chapter 2). Lürling 
(2003) showed that for carnivorous cladocera, no colony formation occurs, 
whereas for herbivorous cladocera, the increase in MPV is linearly proportional 
to the amount of algae being grazed, independent of species identity. 
Furthermore, Scenedesmaceae strains with inducible defences respond to 
various, unrelated zooplankton taxa (Van Donk et al., 1999; Verschoor et al., 
2004, chapter 2). This suggests that inducible colony formation in S. obliquus is 
a general response to herbivory, fine-tuned to the actual risk of being eaten 
(Verschoor et al., 2004, chapter 2). 
The adaptivity of colony formation in S. obliquus is apparent from the 
reduction of maximum ingestion rates of B. calyciflorus (compare UT,C and 
UT,T in Fig. 4.4). Apparently, colony formation affects processes related to food 
handling (e.g. particle transportation, digestion), but not capture efficiency 
(attack rate, clearance rate) itself. This appears from the comparable ingestion 
and assimilation rates at low food concentrations (Fig. 4.4A, B). If colony 
formation had an inhibiting effect on the capture efficiency, we would expect 
decreased ingestion rates for all food concentrations, comparable to the 
crowding water effect in Fig. 4.3B. These observations seem to contradict the 
expectations of Jeschke and Tollrian (2000) that defences affecting handling 
time can only evolve when individual prey can survive attacks. In the case of B. 
calyciflorus and S. obliquus, individual cells/colonies are easily ingested. 
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Although we do not want to advocate group selection here, it is useful to keep in 
mind that the definition of ÂindividualsÊ becomes difficult when dealing with 
populations of clonally reproducing micro-organisms. 
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Figure 4.5. Effects of algal particle size on ingestion and assimilation rates, and on assimilation efficiency. (A). Results of the 
present study. Diamonds: least square means from the ANCOVA on assimilation efficiencies (AE), error bars denote upper and 
lower limits of the 95% confidence intervals. Filled circles: model estimates of maximum carbon-specific ingestion rates (SIRmax), 
open circles: model estimates of maximum carbon-specific assimilation rates (SARmax). (B). Comparison of our model estimates of 
maximum ingestion rates (filled circles), with observations given in the literature. Filled diamonds: B. angularis (Walz and 
Gschloessl, 1988); filled squares: B. calyciflorus (Starkweather and Gilbert, 1977; Gilbert and Starkweather, 1978); filled 
triangles up: B. calyciflorus (Rothhaupt, 1990b). Open triangles down (and dashed line): proportion of B. calyciflorus observed 
with pseudotrochal screens for differently sized food items, offered at a concentration of 100 mg dry weight L-1 (PS100: 
Starkweather 1980b). 
Effectiveness of colony formation: a mechanistic explanation 
The defensive effectiveness of increasing size is shown when plotting maximum 
carbon-specific ingestion and assimilation rates (SIRmax, SARmax) and 
assimilation efficiencies (AE) against particle sizes (Fig. 4.5A). For convenience 
and comparability with results reported in the literature, algal sizes are 
expressed as equivalent spherical diameters (ESD): 
3
6
π
×= MPVESD          (4.3) 
This figure shows a decrease of uptake rates and assimilation efficiency with 
increasing algal size. The pattern of decreasing assimilation efficiency with 
increasing algal size is striking. Different strains of Scenedesmaceae all have 
cell walls that contain comparable proportions of the dominant neutral sugars 
rhamnose, mannose, galactose and glucose, and all contain acetolysis-resistant 
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biopolymers (Burczyk et al. 1995). However, smaller algae have a relatively 
larger surface area per volume exposed to digestive enzymes, which may be an 
explanation for the higher assimilation efficiencies observed for smaller algae. 
Some Scenedesmus species can even pass B. calyciflorus guts without being 
assimilated (Pourriot, 1977). Although digestion resistance could be an algal 
defence strategy, its adaptive significance remains to be investigated (W.R. 
DeMott, pers. comm.). 
We did not find support for RothhauptÊs (1990b) suggestion that B. 
calyciflorus has a type I functional response (with constant SIRmax) when its 
food is below the optimum particle size, and a type II functional response above 
the optimum size. Our model fits yielded higher residuals for type I functional 
responses for all particle sizes (not shown). The pattern for SIRmax (Fig. 4.5A) 
rather suggests a unimodal optimum in particle size, comparable to what has 
been found for the size preference of other rotifers (e.g. Starkweather, 1980a; 
Ronneberger, 1999). Stronger support for such a pattern emerges when 
combining our data with estimates of SIRmax derived from literature data on 
short-term tracer-based grazing experiments with B. calyciflorus (Starkweather 
and Gilbert, 1977; Gilbert and Starkweather, 1978; Rothhaupt, 1990b) and the 
closely related B. angularis (comparable in size to our B. calyciflorus: Walz and 
Gschloessl, 1988). These combined data reveal low SIRmax at both small and 
large ESD, a peak at intermediate particle sizes, around 5 øm ESD, and no 
apparent outliers (Fig. 4.5B).  
When algae are very small, their size prevents efficient particle retention 
and transport to the buccal area, but with increasing particle size, particle 
retention efficiency increases, together with particle handling times. The 
feeding apparatus of B. calyciflorus works in a very complex way, and ingestion 
rates can be regulated in at least three ways: 1. rejection before ingestion, 
probably by a change in ciliary movements; 2. removal from the oral cavity; and 
3. the formation of screens of pseudotrochal cilia, bent over the buccal funnel 
and preventing food particles to enter the buccal funnel (Gilbert and 
Starkweather, 1977) This „pseudotrochal screening‰ may dramatically reduce 
feeding rates, in particular in dense suspensions of large particles (Gilbert and 
Starkweather, 1977, 1978). At very high food concentrations (100 mg dry weight 
L-1), at which ingestion rates can be expected to approach IRmax, the incidence 
of this pseudotrochal screening shows a steep increase with increasing food 
particle size above 4 øm ESD (Starkweather, 1980a). This sudden increase in 
pseudotrochal screening corresponds very well with the decrease in SIRmax 
above the optimum particle size of ~5 øm ESD (Fig. 4.5B, frequency of 
pseudotrochal screening in B. calyciflorus individuals plotted as open triangles 
connected by a dashed line). 
With such a unimodal maximum in SIRmax, inducible colony formation is 
only adaptive above the optimum particle size. Below the optimum particle size, 
an increase in size could even be maladaptive since it would only increase the 
efficiency with which that alga is caught by its herbivore. Lürling (1999) indeed 
Chemically mediated interactions between Brachionus calyciflorus and its food algae 
 81 
showed increasing ingestion rates of B. calyciflorus with increasing size of S. 
obliquus. This shows that strain-specific differences such as relative size of 
algae compared to zooplankton (Hino and Hirano, 1980) should always be 
considered. Moreover, the  adaptivity of colony formation can only be judged 
when we know the constraints that the algae are subjected to, e.g. what the 
costs of defences are under ambient conditions (Verschoor, A.M., O.K. Bekmezci 
and J. Vijverberg, chapter 6). Nevertheless, our experiments reveal that colony 
formation in S. obliquus generally offers protection against B. calyciflorus and 
therefore is adaptive. 
 
Chemically mediated feeding interactions and density dependence 
In mass cultures of B. calyciflorus, densities up to 33500 ind. ml-1 have been 
reported (Park et al., 2001). This is in sharp contrast with highest densities 
reported for Brachionus spp. in the field, which –even under abundant food and 
low densities of predators and crustacean competitors- are at least three orders 
of magnitude lower (Jeppesen et al., 1990; Gosselain et al., 1998). Halbach and 
Halbach-Keup (1974) already suggested that B. calyciflorus populations are not 
only subjected to trophic regulation (i.e. bottom-up and top-down), but also to 
chemical feedbacks. Chemical interactions create a type of density dependence 
that is not determined by mechanical interference or spatial structure.  
Crowding at relatively low densities already induces the release of 
conspecific (Yoshinaga et al., 1999; Stelzer & Snell, 2003) or strain-specific 
(Gilbert, 2003) chemicals that induce sexual reproduction. Thus, the rotifers are 
able to form dormant stages (cysts), which enable them to survive unfavourable 
conditions. Mixis induction in B. calyciflorus starts at densities around several 
individuals ml-1 (Gilbert, 2003), whereas direct autotoxicity due to metabolite 
accumulation only becomes apparent around densities of 10-100 ind. ml-1 (Kirk, 
1998; Snell et al., 2001; this study). Our study shows that autotoxic effects on 
life history can be directly related to reduced feeding activity, because this 
lowers the amount of assimilated material available to growth and reproduction 
(Fig. 4.3). 
High densities of algae stimulate feeding, and as such should have a 
positive effect on population growth rate and hence herbivore densities. B. 
calyciflorus has the sensory ability to locate and reside in algal patches (Charoy 
& Clément, 1993; Charoy, 1995), and both functional responses (Figs. 4.3, 4.4) 
and the response to high concentrations of algal odours (Fig. 4.2A) show that B. 
calyciflorus also maximises feeding rates. However, in the field, high densities 
of algae do not automatically convert to high densities of B. calyciflorus. Apart 
from obvious factors as predation, this may be due to toxic metabolites released 
by the algae (Halbach and Halbach-Keup, 1974), or a high pH (Jeppesen et al., 
1990), but the latter is not likely to occur in our well-buffered medium. 
An important indirect density-dependent effect is that grazing-released 
chemicals in turn may induce defences in algae, such as inducible colony 
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formation (Fig. 4.2b). Such defences may lower both feeding rates and 
assimilation efficiencies (Fig. 4.5a), so that gross population growth rates may 
be lowered drastically. This effect may be enhanced by selective feeding of the 
herbivore on the remaining undefended algae. Moreover, the magnitude of 
inducible colony formation depends on the concentration of grazing-released 
information chemicals, which are a function of both grazer and algae density 
(Fig. 4.2b). 
The direct and indirect chemical feedbacks of algal and conspecific 
densities on B. calyciflorus food uptake are best summarised in a small scheme 
(Table 4.4). Positive, stimulatory feedbacks (+) may occur at high algae 
densities, although algal metabolites may also have inhibitory effects (-) at any 
rotifer density with high algal concentrations. On the other hand, high 
conspecific densities have an inhibitory effect. Indirect feedbacks occur via the 
size effects of induced colony formation on maximum ingestion rates and 
assimilation efficiencies (Fig. 4.4a). Inducible colony formation is very sensitive 
to grazing-released chemicals (Fig. 4.2b, Verschoor et al., 2004, chapter 2). 
Therefore, reduced food uptake may already occur when algal and conspecific 
densities are still relatively low (Table 4.4). Our results show that even within a 
simple bitrophic food chain several chemical pathways may change the 
interaction strength between herbivores and their food algae. 
 
Table 4.4. Effects of algae and rotifer densities on the food uptake rate of B. calyciflorus. 0 = no significant effect, + = 
stimulating effect, - = inhibiting effect. Between square brackets, the indirect effects (via algal defences) on food uptake rates are 
given. 
  Food algae density 
  Low High 
Low 0 [-] +/- [-] 
B. calyciflorus density 
High - [-] 0/- [-] 
 
 
Chemically mediated interactions between Brachionus calyciflorus and its food algae 
 83 
References 
Araujo, A.B. de, A. Hagiwara & T.W. Snell, 2000. Effect of unionized ammonia, viscosity and protozoan contamination on 
the enzyme activity of the rotifer Brachionus plicatilis. Aquacult. Res. 31: 359–365. 
Araujo, A.B. de, A. Hagiwara & T.W. Snell, 2001. Effect of unionized ammonia, viscosity and protozoan contamination on 
reproduction and enzyme activity of the rotifer Brachionus rotundiformis. Hydrobiologia 446/447: 363–368. 
Burczyk, J., K. Terminska-Pabis & B. Smietana, 1995. Cell wall neutral sugar composition of chlorococcalean algae 
forming and not forming acetolysis resistant biopolymer. Phytochemistry 38: 837-841. 
Cerrato, R.M., 1990. Interpretable statistical tests for growth comparisons using parameters in the von Bertalanffy 
equation. Can. J. Fish. Aquat. Sci. 47: 1416-1426. 
Charoy, C., 1995. Modification of the swimming behaviour of Brachionus calyciflorus (Pallas) according to food 
environment and individual nutritive state. Hydrobiologia 313: 197-204. 
Charoy, C., & P. Clément, 1993. Foraging behaviour of Brachionus calyciflorus (Pallas): variations in the swimming path 
according to presence or absence of algal food (Chlorella). Hydrobiologia 255/256: 95-100. 
DeMott, W.R., 1986. The role of taste on food selection by freshwater zooplankton. Oecologia 69: 334-340. 
DeMott, W.R., & D.M. Watson, 1991. Remote detection of algae by copepods: responses to algal size, odours and motility. 
J. Plankton Res. 13: 1203-1222. 
Gilbert, J.J., 2003. Specificity of crowding response that induces sexuality in the rotifer Brachionus. Limnol. Oceanogr. 48: 
1297–1303 
Gilbert, J.J., & P.L. Starkweather, 1977. Feeding in the rotifer Brachionus calyciflorus. I. Regulatory mechanisms. 
Oecologia 28: 125-131.  
Gilbert, J.J., & P.L. Starkweather, 1978. Feeding in the Rotifer Brachionus calyciflorus III. Direct observations on the 
effects of food type, food density, change in food type, and starvation on the incidence of pseudotrochal screening. Verh. 
int. Ver. Limnol. 20: 2382-2388.  
Gosselain, V., J.-P. Descy, L. Viroux, C. Joaquim-Justo, A. Hammer, A. Métens & S. Schweitzer, 1998. Grazing by large 
river zooplankton: a key to summer potamoplankton decline? The case of the Meuse and Moselle rivers in 1994 and 
1995. Hydrobiologia 369: 199-216. 
Halbach, U., & G. Halbach-Keup, 1974. Quantitative Beziehungen zwischen Phytoplankton und der Populationsdynamik 
des Rotators Brachionus calyciflorus Pallas. Befunde aus Laboratoriumsexperimenten und Freilanduntersuchungen. Arch. 
Hydrobiol. 73: 273-309. 
Hino, A., & R. Hirano, 1980, Relationship between body size of the rotifer Brachionus plicatilis and the maximum size of 
particles ingested. Bull. Jap. Soc. Sci. Fish. 46: 1217-1222. 
Jensen, K.H., P. Larsson, & G. Högstedt, 2001. Detecting food search in Daphnia in the field. Limnol. Oceanogr. 46: 
1013-1020. 
Jeppesen, E., M. SŒndergaard, O. SortkjÕr, E. Mortensen & P. Kristensen, 1990. Interactions between phytoplankton, 
zooplankton and fish in a shallow, hypertrophic lake: a study of phytoplankton collapses in lake SŒbygård, Denmark. 
Hydrobiologia 191: 149-164. 
Jeschke, J.M., & R. Tollrian, 2000. Density-dependent effects of prey defences. Oecologia 123: 391-396. 
Chapter 4 
84 
Juchelka, C. M. & T. W. Snell. 1994. Using rotifer ingestion rate for rapid toxicity assessment. Arch. Envir. Contam. 
Toxicol. 26: 549–554. 
Kilham, S.S., D.A. Kreeger, S.G. Lynn, C.E. Goulden & L. Herrera, 1998. COMBO: a defined freshwater culture medium 
for algae and zooplankton. Hydrobiologia 377:147-159. 
Kirk, K.L., 1998. Enrichment can stabilize population dynamics: Autotoxins and density dependence. Ecology 79: 2456–
2462. 
Lürling, M., 1999. The Smell of Water. Grazer-Induced Colony Formation in Scenedesmus. Ph.D. thesis, Wageningen 
University. 
Lürling, M., 2003. The effect of substances from different zooplankton species and fish on the induction of defensive 
morphology in the green alga Scenedesmus obliquus. J. Plankt. Res. 25: 979-989. 
Park, H.G., K.W. Lee, S.H. Cho, H.S. Kim, M.-M. Jung & H.-S. Kim, 2001. High density culture of the freshwater rotifer, 
Brachionus calyciflorus. Hydrobiologia 446/447: 369–374. 
Pourriot, R., 1977. Food and feeding habits of Rotifera. Arch. Hydrobiol. Beih. 8: 243-260.  
Real, L.A., 1977. The kinetics of functional response. Am. Nat. 111: 289-300. 
Ronneberger, D., 1999. Uptake of latex beads as size-model for food of planktonic rotifers. Hydrobiologia 387/388: 
445-449. 
Rothhaupt, K.O., 1990a. Differences in particle size-dependent feeding efficiencies of closely related rotifer species. 
Limnol. Oceanogr. 35: 16-23. 
Rothhaupt, K.O., 1990b. Changes of the functional responses of the rotifers Brachionus rubens and Brachionus 
calyciflorus with particle sizes. Limnol. Oceanogr. 35: 24-32. 
Salonen, K., 1979. A versatile method for the rapid and accurate determination of carbon by high temperature 
combustion. Limnol. Oceanogr. 24: 177–183. 
Snell, T.W., 1998. Chemical ecology of rotifers. Hydrobiologia 387/388: 267–276. 
Snell., T.W., M. Childress, E. Boyer & F.H. Hoff, 1987. Assessing the status of rotifer mass cultures. J. World Aquacult. Soc. 
18: 270-277. 
Snell, T.W., B.J. Dingmann & M. Serra, 2001. Density-dependent regulation of natural and laboratory rotifer populations. 
Hydrobiologia 446/447: 39-44. 
Sokal, R.R., & F.J. Rohlf. 2000. Biometry: the Principle and Practice of Statistics in Biological Research. 3rd ed., W.H. 
Freeman and Company, New York, USA. 
Starkweather, P.L., 1980a. Aspects of the feeding behaviour and trophic ecology of suspension-feeding rotifers. 
Hydrobiologia 73: 63-72. 
Starkweather, P.L., 1980b. Behavioral determinants of diet quantity and diet quality in Brachionus calyciflorus. In: 
Kerfoot, W. C. [ed.], Evolution and Ecology of Zooplankton Communities., Univ. Press New England, Hanover: 151-157. 
Starkweather, P.L., 1995. Near-coronal fluid flow patterns and food cell manipulation in the rotifer Brachionus 
calyciflorus. Hydrobiologia 313: 191-195. 
Starkweather, P.L. & J.J. Gilbert, 1977. Feeding in the rotifer Brachionus calyciflorus. II. Effect of food density on 
feeding rates using Euglena gracilis and Rhodotorula glutinis. Oecologia 28: 133-139.  
Chemically mediated interactions between Brachionus calyciflorus and its food algae 
 85 
Stelzer, C.P. & T.W. Snell, 2003. Induction of sexual reproduction in Brachionus plicatilis (Monogononta, Rotifera) by a 
density-dependent chemical cue. Limnol. Oceanogr. 48: 939–943. 
Van Donk, E., M. Lürling & W. Lampert, 1999. Consumer-induced changes in phytoplankton: inducibility, costs, benefits, 
and the impact on grazers, p. 89-103 In: R. Tollrian & C.D. Harvell [eds,], The Ecology and Evolution of Inducible 
Defenses. Princeton Univ. Press. 
Van Gool, E., & J. Ringelberg. 1996. Daphnids respond to algae-associated odours. J. Plankton Res. 18: 197-202. 
Verschoor, A.M., H. Boonstra & T. Meijer, accepted. Application of stable isotope tracers in short-term laboratory studies 
on zooplankton feeding, using the rotifer Brachionus calyciflorus as an example. Hydrobiologia. 
Verschoor, A.M., I. van der Stap. N.R. Helmsing, M. Lürling & E. Van Donk, 2004. Inducible colony formation within the 
Scenedesmaceae: adaptive responses to infochemicals from two different herbivore taxa. J. Phycol. 40: 808–814. 
Wagner, A. & N. Kamjunke, 2001. Reduction of the filtration rate of Daphnia galeata by dissolved photosynthetic 
products of edible phytoplankton. Hydrobiologia 442: 165-176. 
Walz, N., & T. Gschloessl, 1988. Functional response of ingestion and filtration rate of the rotifer Brachionus angularis to 
the food concentration. Verh. int. Verein. Limnol. 23: 1993-2000. 
Yoshinaga, T., A. Hagiwara & K. Tsukamoto, 1999. Effect of conditioned media on the asexual reproduction of the 
monogonont rotifer Brachionus plicatilis O.F. Müller. Hydrobiologia 412: 103-110. 
  
The Limnotrons: a facility for experimental 
community and food web research 
 
 
 
 
 
 
Antonie M. Verschoor 
Jelger Takken 
Boris Massieux  
Jacobus Vijverberg 
Published in Hydrobiologia 491: 357–377 (2003). 
Chapter 5 
88 
 
Abstract 
Experiments with multi-species communities are essential in 
order to get more insight in the complex interactions 
between organisms and their biotic and abiotic environment. 
The Limnotrons are aquatic model ecosystems that have 
been developed at the NIOO-KNAW Centre for Limnology to 
study pelagic community dynamics. They are suitable for the 
controlled study of multi-species interactions at larger 
spatial and temporal scales. The Limnotrons do not mimic 
any particular ecosystem, but should be used for the 
exploration of basic ecological principles. The temperature 
and mixing conditions in the Limnotrons can be set within 
narrow limits, whereas light conditions at the water surface 
are fixed. We show some results of system performance: 
mixing time, temperature control, light quantity and quality 
and development of a Cladocera community in a prototype of 
the Limnotrons. We provide results of an experiment done in 
four Limnotrons with the chlorophyte Scenedesmus obliquus. 
All trophic levels (decomposers, primary producers, and 
secondary producers) could be maintained in the Limnotrons 
for at least several weeks. Both abiotic and biotic data from 
the phytoplankton experiment show remarkably similar 
patterns through time, but had too low statistical power to 
prove that they are identical. We calculated the numbers of 
samples required for sufficient power for biomass data from 
two plankton experiments, and calculate required effect sizes 
for certain powers for a future set-up with 2×4 Limnotrons. 
We show that the power of the data is dependent on: the 
number of samples, the sample volume, the choice of the 
measurement method and the type of data transformation. 
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Introduction 
Community research  
Despite the growing knowledge on the importance of complex ecological 
interactions (Billick & Case, 1994; Abrams et al., 1996; McCann et al., 1998), 
most experimental work in ecology still focuses on one or only a few species 
(Kareiva, 1994). One of the central problems in ecology is how to use the 
outcome of laboratory studies on single processes for the understanding of the 
ecosystem functioning as a whole (Takahashi, 1990). Because of its complexity, 
the community level is the most difficult level to investigate, and at this level 
the experimental tests usually run behind the theoretical advancements 
(Lawton et al., 1993). 
A large number of hypotheses regarding the structure and functioning of 
food webs still require further experimental investigation at the community 
level, and the examples listed here are far from exhaustive. The first category of 
these hypotheses concerns community responses to stress and disturbance. 
Communities may build up resistance against pollution (pollution-induced 
community tolerance: Blanck et al., 1988) or even ÂmemoriseÊ stress they have 
undergone in the past (community conditioning hypothesis: Matthews et al., 
1996). The community scale of research does not only reveal the direct effects of 
stress on the community (Brock et al., 1992a), but also about secondary effects 
(Brock et al., 1992b) and altered ecosystem functioning due to these changes 
(Brock et al., 1993). The second category is about the role of biodiversity for the 
functioning of communities and ecosystems. Examples of this are whether 
species are (functionally) redundant (Lawton & Brown, 1994) or not (rivet 
hypothesis: Ehrlich & Ehrlich, 1981), whether increasing diversity stabilises 
food webs (McCann et al., 1998) or not (May, 1974), the importance of energetic 
organisation and community structure to the stability of food webs (De Ruiter 
et al., 1995, 1996), and how to explain species diversity when species are 
competing for only a few limiting nutrients (paradox of the plankton: 
Hutchinson, 1961). A third category considers hypotheses on the relationship 
between community interactions and ecosystem functioning (see e.g. DeAngelis, 
1992). Examples of this category of hypotheses are whether ecosystem 
regulation is bottom-up or top-down (e.g. Carpenter, 1988), whether increased 
nutrient loading will destabilise the system (paradox of enrichment: 
Rosenzweig, 1971) or how the balance between light and nutrient input will 
affect ecosystem structure and functioning (the light: nutrient hypothesis: 
Sterner et al., 1997). 
 
Facilities for community research 
Hypotheses on structure and functioning of food webs require facilities that 
allow studying and manipulating a community consisting of different species 
over several generations of time, using a sufficient number of replicates 
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(Lawton, 1996; Petchey, 2000). Facilities for this purpose are either the 
enclosure-type of research (studying an isolated part of the field), experimental 
ponds, outside tanks or indoor cosms (see e.g. Giesy, 1980; Lalli, 1990). The 
present paper focuses on the latter category, laboratory ecosystems, and more 
in particular on aquatic laboratory ecosystems. Because of inconsistent 
nomenclature in literature, where both ÂmicrocosmÊ and ÂmesocosmÊ may have 
different meanings (e.g. Laserre, 1990), we will refer to these systems as 
laboratory ecosystems or cosms.  
Laboratory ecosystems offer a compromise between the controllability of 
laboratory conditions and scale and complexity of field situations, and can as 
such bridge the gap between laboratory and field experiments (Lampert & 
Loose, 1992), or, more generally, bridge the gap between theory and nature 
(Fraser & Keddy, 1997). They offer the possibility to obtain closed mass 
balances (Brockmann, 1990) and, for example in the case of toxicological or 
radiation research, have an ethical advantage over potentially harmful field 
ecosystem manipulations. Laboratory ecosystems may be especially useful 
when trying to understand complex interactions by combining experiments with 
computer model studies (Armstrong, 1980; Borgmann et al. 1988; Abrams et al., 
1996; Lawton, 1996; Suzuki et al., 2000). 
 
Aquatic laboratory ecosystems 
The set-up of aquatic laboratory ecosystem experiments does not essentially 
differ from experiments in outdoor cosm or experimental pond facilities. 
However, laboratory ecosystems are idealisations (or simplifications) of nature, 
and should always be treated as such. The most important differences between 
laboratory and outdoor systems that we consider here are the better control of 
the environmental conditions and the ease of community manipulation in 
laboratory systems. In laboratory systems, the researcher usually constructs 
whole communities or food webs by bringing together different species, where 
the use of previously well studied strains may offer an advantage. The scale of 
the cosm depends on the kind of organisms one is working with and the subject 
of research. 
During the past decades, aquatic laboratory ecosystems have been 
successfully used to test specific hypotheses on food web dynamics in aquatic 
systems, e.g. studies on the role of habitat size and productivity on food web 
structure (Spencer & Warren, 1996), the role of zooplankton grazing on 
phytoplankton community structure (Sommer, 1988), or the causes of different 
types of cyclic zooplankton behaviour (McCauley et al., 1999). Investigation of 
these types of questions requires options for careful manipulation and/or 
experimental scales that can be neither performed in bottles nor in the field. 
For this reason, the NIOO-KNAW Centre for Limnology (CL) in Nieuwersluis 
(The Netherlands) has developed its own facilities for meso scale aquatic 
laboratory ecosystem research: the Limnotrons. 
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The Limnotrons: purpose and design requirements 
The Limnotrons are designed to study population dynamics of multispecies 
freshwater plankton communities, meaning that the system would run for 
weeks or months (several generations). The intended communities should 
consist of several trophic levels, i.e. phytoplankton, herbivorous zooplankton, 
carnivorous zooplankton, and decomposers (the latter are expected to develop 
spontaneously). The design of the Limnotrons should allow replicable and 
controllable manipulations (Lawton, 1996). 
The Limnotrons should meet four important requirements. Firstly, a 
stable and constant environment is required for the plankton community. This 
needs an optimal control of abiotic variables such as mixing, temperature and 
light. The water volume in the Limnotron should be more or less constant. Wall 
growth should be prevented when studying pelagic interactions, to avoid 
competition between phytoplankton and periphyton, and to avoid loss of 
plankton by attachment to the periphyton. Secondly, a replicable set-up is 
required, that allows for sufficient treatment and control systems to be able to 
see treatment effects. In addition to this, stratified sampling should be possible, 
for example by sampling facilities at different depths. Fraser & Keddy (1997) 
give three replicates per treatment as an absolute minimum for community 
research, and recommend more replicates whenever possible. The required 
number of replicate systems will be discussed further on in this paper, but is 
limited by the dimensions of the room that is available. Thirdly, the system 
should be isolated from any influences that could disturb the system (e.g. room 
temperature fluctuations, insects (attracted by light) falling in, invasion of new 
species by spores and other propagules in the air), implying that the systems 
should be robust and closed. The sampling procedure should not disturb the 
system too much either, which implies that the ratio of sample volume to 
system volume should be low, and physical disturbance of the system due to 
sampling should be low. Fourthly, plankton densities and primary production 
(carrying capacity) should be sufficient to support a multitrophic pelagic 
community. It should be possible to study both high and low productive 
communities at semi-natural densities. 
Our primary interest is investigation of the effects of inducible defences 
(Tollrian & Harvell, 1999) on the structure and functioning of pelagic 
communities. In this research, the Limnotrons will be used as generic model 
ecosystems, i.e. we will use well-defined species or strains (e.g. with and 
without inducible defences) and environmental conditions (eutrophic). Both 
Limnotron research and computer model predictions will be combined in 
assessing the potential impact of these defences in field communities. 
 
Chapter 5 
92 
Development of the Limnotrons 
Upon these demands, a first series of four closed experimental vessels was 
developed. In these vessels, light and temperature could be kept at constant 
values. The intended system volume was about 1 m3. Sampling ports were 
present at different depths, and tube samplers for these ports were developed. 
The motor-driven impeller (steered by a Lust FU200 frequency modulator), 
which controlled the mixing, also scraped periphyton from the vessel walls by 
means of attached silicon rubber strips. The current design of the Limnotrons is 
mostly based on experiences with 3 existing types of laboratory ecosystems. The 
idea for a series of cosms was derived from cosms used at the Wageningen 
University and Research Centre, Wageningen, the Netherlands (Brock, 1992a). 
The illumination and impeller design were derived from the cosms at the 
Netherlands Institute for Sea Research, Êt Horntje, The Netherlands (Kuipers et 
al., 1993). The sampling ports and tube samplersÊ designs are derived from the 
Plankton Towers at the Max Planck Institute for Limnology, Plön, Germany 
(Lampert & Loose, 1992). 
 
Preliminary testing of the Limnotrons 
Before the Limnotrons can be used as a research tool for community and 
ecosystem studies, more knowledge is needed about the system performance, i.e. 
the possibility to manipulate and/or control abiotic variables. To test the 
performance of the Limnotrons, we investigated them on four properties: (1) 
mixing rate, (2) water temperature regulation (3) light quality and quantity, 
and (4) suitability for herbivorous zooplankton. 
In the Limnotrons, the mixing rate is determined completely by the 
rotation speed of the impeller. Mixing is essential to keep the seston into 
suspension (Sanford, 1997). Mixing rates should be low enough to allow 
sedimentation of larger particles (e.g. detrital aggregates), but high enough to 
keep phytoplankton in suspension. These are arbitrary criteria and because 
these mixing rates are system-specific, we quantified the mixing times of the 
different Limnotrons.  
In the study of plankton dynamics, the temperature plays a very 
important role (Vijverberg, 1980). Many processes in the pelagic zone are one 
way or the other coupled to the vertical temperature distribution in the water 
column. We investigated whether we could construct a steep vertical 
temperature gradient (thermocline), and how stable this gradient was during 
rotation of the impeller.  
The maximum attainable light intensity in the different Limnotrons 
should allow sufficient primary production to sustain herbivorous zooplankton. 
The spectral quality of the light in the Limnotrons should allow phytoplankton 
growth, although their heat production should be low.  
To demonstrate the suitability of these systems for herbivorous 
zooplankton, we use data from a previous experiment that was done with a 
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prototype of the present Limnotrons (Pars, 1998). During this experiment 
(Âzooplankton experimentÊ), we investigated whether different species of 
Cladocera could establish in the prototype Limnotron. 
In a separate experiment, we investigated the dynamics of the plankton 
community in the Limnotrons, which were stocked with a single species of 
phytoplankton (Âphytoplankton experimentÊ). In the course of this experiment, 
which lasted for 7 weeks, we studied (the variation in) temperature, pH, 
nutrient and oxygen concentrations, algal biomass and plankton community 
composition. To evaluate the experimental design, and to optimise future 
experimental designs, we performed power analyses on suitable data from the 
phytoplankton and zooplankton experiments. 
 
 
Figure 5.1. Schematic drawing (longitudinal section) of a Limnotron. The numbers 1, 2 and 3 stand for the upper, middle and 
lower sample ports, respectively.  
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Table 5.1. Comparison of aquatic laboratory ecosystems on which the design of the Limnotrons is based. Abbreviations used: WUR 
= microcosms that are being used at Wageningen University and Research Centre, Wageningen, The Netherlands; NIOZ = 
mesocosms used at the Netherlands Institute for Sea Research, Êt Horntje, The Netherlands, MPIL = Plankton Towers at the Max 
Planck Institute for Limnology, Plön, Germany, NIOO-CL = Limnotrons at the Netherlands Institute of Ecology, Centre for 
Limnology. 
system WUR NIOZ MPIL NIOO-CL 
type of ecosystem freshwater littoral marine pelagic freshwater pelagic freshwater pelagic 
study community phytoplankton, 
herbivorous 
zooplankton, 
periphyton, 
macrophytes, 
macrofauna 
phytoplankton, 
micro- and meso-
zooplankton 
phytoplankton, 
herbivorous 
zooplankton, small 
fish 
microbial 
community, 
phytoplankton, 
herbivorous and 
carnivorous 
zooplankton 
type of research stress/disturbance community 
interactions and 
ecosystem 
functioning 
community 
interactions and 
ecosystem 
functioning 
community 
interactions and 
ecosystem 
functioning 
mixing pumping recycled 
water 
closed impeller open impeller closed impeller 
lighting metal halide pressure 
lamps 
fluorescent lights natural light and/or 
near-sunlight 
spectrum bulbs 
fluorescent lights 
temperature 
regulation 
room temperature is 
thermostate-
regulated 
surrounding water 
bath is thermostate-
regulated 
wall temperature is 
thermostate-
regulated 
direct thermostate-
regulated 
(temperature sensors 
in central axis) 
shape square horizontal cylinder vertical cylinder vertical cylinder 
size 850 litres 850 litres 6500 litres 922 litres 
spatially stratified 
sampling 
surface accessible for 
any kind of 
horizontally stratified 
sampling 
not possible vertical sample ports 
at different heights 
vertical sample ports 
at different heights 
surface open or 
closed to outside air 
open closed open closed 
fouling control none by impeller none by impeller 
no. of replicates 12 4 2 8 
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Figure 5.2. Drawing of the Limnotron sampling system. Shown is one sample port with the tube of sampling device inserted. The 
distance marks are used for sampling at different distances form the central axis. Sampling is done by taking any desired amount 
of sample using the tap. 
Materials and methods 
System performance 
The design of the Limnotrons is shown in Figure 5.1, and is an attempt to 
combine the best properties of the existing aquatic laboratory ecosystems 
mentioned before (Table 5.1). They consist of a stainless steel vessel covered 
with a transparent polymethyl methacrylate (PMMA; Perspex) flange lid. Apart 
from rigidity, stainless steel is chosen because of its good heat conductivity 
(heating and cooling are on the outside), and PMMA is chosen for its 
transparency to light (comparable to glass). The dimensions of these vessels are: 
0.97 m in diameter, a depth between 1.32 m (side) and 1.37 m (centre), and a 
volume of 922 L. A drawing of a sample port and the sampling device are shown 
in Figure 5.2. The sample ports have silicon rubber valves on the inside of the 
vessel walls, which are closed by the water pressure. The impeller is also made 
of PMMA, with a stainless steel axis, and a silicon rubber strip between the 
outside and the Limnotron wall. A thermostatically regulated microprocessor-
controlled cooling and heating installation controls the temperature. Because of 
possible volume differences due to temperature settings, evaporation losses and 
sampling, a (refillable) expansion vessel was developed, which maintains a 
constant water volume in the experimental vessel. A tiltable light system was 
developed, in order to be able to maximise light yield, while still allowing visual 
inspection through the top lid and access to the observation lock. The light 
systems contained 18 Philips TLD 30W/33 fluorescent light tubes per 
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Limnotron. Apart from the low heat production, fluorescent lights were also 
chosen for their compactness. The room between Limnotron top and the ceiling 
was limited, so light systems that required much height (e.g. metal halide 
pressure lamps or large incandescent lights) could not be applied here. A slip 
clutch was added to the impeller engine, to prevent engine damage in case of 
impeller obstruction. The current system has four replicate Limnotrons, while 
another series of four identical Limnotrons is under construction. 
Sanford (1997) has defined the mixing time as "the amount of time that it 
takes for a conservative tracer injected at some point in a region to mix to some 
degree of uniformity across that region". The mixing time is a convenient 
measure to compare turbulence in different types of aquatic laboratory 
ecosystems, although attempts to quantify it are not done very often (Sanford, 
1997). Our method to quantify mixing time is derived from Van der Put (1992). 
To measure mixing time, the Limnotrons were filled with clean tap water. To 
start, 20.0 g NaNO3 (tracer salt) was dissolved into 1.0 L of demineralised 
water. This solution was gently released at the centre of the tank bottom by 
means of an analytic funnel connected to a hose. Then, the impeller was turned 
on at 0.54µ0.007 rotations per minute (RPM): this corresponds to a rotation 
time of 1 min 50 sµ1.4 s. This rotation speed was empirically determined as not 
too violent for zooplankton and slow enough to allow sedimentation of larger 
particles, while fast enough to keep phytoplankton in suspension. The 
conductivity of the water was measured with a WTW LF 191 conductivity meter, 
of which the electrode was positioned at the water surface in the observation 
lock and connected to a Grant 1000 Series Squirrel data logger. The 
conductivity was recorded until no more changes in conductivity appeared. The 
mixing experiment has been performed in all four Limnotrons.  
To compare results from experiments with different initial and final 
conductivities, the relative conductivity was calculated as: 
)condcond(
)condcond(
0f
0t
−
−
,         (5.1) 
where cond0 stands for the initial conductivity, condt the conductivity at a 
certain moment in time and condf the final conductivity. 
By setting the upper temperature control block at a higher temperature 
than the lower block, vertical temperature gradients were created. 
Measurements of different temperature gradients have been done in one 
Limnotron (L3), filled with tap water, before and after impeller rotation (0.54 
RPM, 30 min.). The temperature was measured at different depths with an 
electronic thermometer, built into a WTW Oxi 323 oxygen meter.  
Irradiance measurements were done at depths of 0.00, 0.25, 0.50, 0.75, 
1.00 and 1.20 m with a Licor Li-189 quantum/radiometer/photometer, halfway 
between the central axis and the vessel walls. These measurements were done 
in different Limnotrons that were filled with clean tap water, with their 
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(identical) light systems switched on. Spectral light quality of the fluorescent 
tubes was measured from 380 to 780 nm with a model PR-650 
SpectraColorimeter (Photo Research, Chatsworth, U.S.A.), featuring 1°-
measuring optics and a 128-element diode array. For comparison, a 
measurement of the summer solar spectrum has been provided. 
To investigate the suitability of the Limnotrons for (a community of) 
herbivorous zooplankton, we give results of an experiment that was done with a 
prototype of the Limnotrons. This Limnotron was first cleaned with a high-
pressure spraying pistol. After that, further cleaning and disinfection was done 
by filling the Limnotron vessel with tap water and 200 ml of a commercially 
available sodium hypochlorite detergent (Reca VT Nieuw) and allowed to stand 
for several days. After this, the Limnotron was rinsed intensively with tap 
water, to remove any bleach remains, and left to dry. At the start of the 
experiment, the Limnotron was filled with non-filtered tap water, and nutrients 
were added, resulting in initial concentrations of 2.8 mg total phosphorus (TP) 
L-1 and 3.9 mg total nitrogen (TN) L-1 (Table 5.2). The light applied at the water 
surface was 120 ømol m-2 s-1, set at 18 h light and 6 h dark per day. The 
impeller was set at 0.4 RPM, while the temperature of this prototype Limnotron 
(21.3µ1.4°C) was determined by the room temperature. The experiment ran for 
7 weeks, and was inoculated with a xenic culture of Scenedesmus obliquus 
Turpin (Kützing), which originated from the Max Planck Institute for 
Limnology (Plön, Germany), in the first week. In the fourth week, when 
phytoplankton densities were maximal, 4 species of Cladoceran zooplankton 
were added (Daphnia galeata, Daphnia cucullata, Ceriodaphnia pulchella and 
Chydorus sphaericus). Zooplankton inoculum densities unfortunately were not 
quantified. The next three weeks, the zooplankton was sampled. Zooplankton 
samples were taken with a modified sampling tube, driven by a pump and 
equipped with an internal zooplankton filter (30 øm). Samples were taken at 
the three different sampling ports, and at each port 3 samples were taken (near 
the central axis, halfway axis and Limnotron wall and near the wall). 
 
Phytoplankton experiment 
The Limnotrons were cleaned and disinfected as described for the 
zooplankton experiment. At the start of the experiment, the Limnotrons were 
filled with tap water, and nutrients were added (Table 5.2), so that initial 
concentrations of 0.7 mg TP L-1 and 5 mg TN L-1 would be reached (in the 
absence of algae), comparable with a eutrophic lake. No extra trace elements 
were added because they were considered to be present in the tap water. The 
Limnotrons were each inoculated with S. obliquus (the same strain as in the 
zooplankton experiment), so that initial cell and biovolume concentrations of 
2.24Û107µ0.03Û107 cells L-1 and 2.25µ0.05 mm3 L-1 respectively were obtained. 
These concentrations were chosen to ensure a sufficient inoculum density of 
this species. The prokaryotic community was expected to develop spontaneously. 
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The impeller was set at 0.54 RPM, the set temperature was 17.5°C (close to the 
average temperature during the growing season at temperate latitudes), and 
the irradiation applied was 128µ6 (sides) to 140µ2 (centre) ømol quanta m-2 s-1 
(PAR) continuously at the surface. Additional nutrients were added three times 
per week, which gave an average daily nutrient load equivalent to 0.01 mg TP 
L-1 d-1 and 0.07 mg TN L-1 d-1(this is comparable to the daily load of a eutrophic 
lake). The resulting load of all nutrients is given in Table 5.2. The experiment 
ran for 7 weeks, from 22 February 2001 to 11 April 2001.  
 
Table 5.2. Nutrient concentrations and loads applied in 2 experiments that were done in the Limnotrons. One column 
(ÂzooplanktonÊ) described the initial concentrations in the zooplankton experiment, while the two other columns (ÂphytoplanktonÊ) 
describe initial concentrations and (semi-continuous) nutrient load during the phytoplankton experiment. 1TES = N-
Tris(hydroxymethyl)-methyl-2-aminoethane-sulphonic acid (C6H15NO6S); Sigma T-1375. 
Experiment Zooplankton Phytoplankton 
Nutrients Initial 
concentrations  
(mg×L-1) 
Initial 
concentrations  
(mg×L-1) 
Load  
(mg×L-1×d-1) 
NaNO3 1.70×101 3.00×101 4.29×10-1 
MgSO4∙ 7H2O 3.70 1.31×101 1.86×10-1 
CaCl2∙ 2H2O 3.70 1.30×101 1.85×10-1 
Na2SiO3∙ 9H2O 2.80 1.00×101 1.43×10-1 
H3BO3 2.50×10-1 8.47 1.21×10-1 
NaHCO3 5.40 4.45 6.36×10-2 
K2HPO4∙ 3H2O 2.95 3.08 4.39×10-2 
Na2EDTA∙ 2H2O 1.86×10-1 1.54 2.20×10-2 
TES1 – 3.00×101 4.29×10-1 
FeCl3∙ 6H2O – 3.53×10-1 5.04×10-3 
MnSO4∙ H2O 7.7×10-3 – – 
ZnSO4∙ 7H2O 2.3×10-3 – – 
CuSO4∙ 5H2O 5.0×10-4 – – 
(NH4)6Mo7O24∙ 4H2O 5.0×10-4 – – 
Co(NO3)∙ 6H2O 1.5×10-3 – – 
NH4Fe(SO4)2∙ 12H2O 9.64×10-2 – – 
Thiamin (vitamin B1) 1.0×10-5 – – 
Cyanocobalamin (vitamin B12) 5.0×10-7 – – 
Biotin (vitamin H) 5.0×10-7 – – 
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Measurements of light intensity, oxygen and pH were done directly in situ 
through the observation lock. For light, a Licor Li-189 quantum/radiometer/-
photometer was used, and measurements were weekly done at 0.00, 0.25, 0.50, 
0.75, 1.00 and 1.20 m depth. Three times a week, pH was measured using a 
WTW pH 323 pH-meter at 0.50 m depth and oxygen was measured with a WTW 
Oxi 323 oxygen meter at 0.50 and 1.00 m depth. The temperatures at 0.50 and 
1.00 m were read three times a week from the screen of the temperature control 
system (Farex SR mini system with PT100 electrodes). 
Three times a week, samples were taken through the three sample ports 
with the sampling rod, and a fourth sample (250 ml) was taken with a hose 
connected to a silicon rubber plug that was inserted into the outflow nozzle (Fig. 
5.1). The latter sample will be referred to as ÂbottomÊ sample, whereas the three 
samples taken at the sampling ports are called ÂpelagicÊ. Each pelagic sample 
had a volume of 250 ml as well and consisted of equal proportions 
(approximately 80–85 ml) taken from three different distances from the central 
axis, corresponding with three different marks on the sampling rod (of which 
two marks are shown in Fig. 5.2). These samples (1 sediment sample and 3 
pelagic samples) were all analysed on seston particle concentration, seston 
volume concentration and (until day 8) chlorophyll-a concentration. Seston 
particle concentrations and seston particle volumes were measured three times 
a week on a Coulter Multisizer II featuring a 100 øm orifice tube. Chlorophyll-a 
was measured using a Walz PHYTO-PAM phytoplankton analyser (Kolbowski 
& Schreiber, 1995). After that, the three pelagic samples were mixed and 
subsamples were taken from this pooled pelagic sample for nutrient analysis 
(twice a week), microscopic investigation of phytoplankton and zooplankton 
(three times a week), determination of dry weight (three times a week), 
molecular community profiling (twice during the experiment), and (from day 11 
on) chlorophyll-a. Microscopic inspection was done by investigating the samples 
under a Leitz Fluovert inverted microscope. The nutrients that were 
determined were soluble reactive phosphorus (SRP) (colorimetric determination 
with ammonium heptamolybdate, ascorbic acid and sulphuric acid: Murphy & 
Riley, 1962) nitrate (NO3) (HPLC determination as described in Bollmann & 
Laanbroek, 2001), and ammonium (NH4) (colorimetric determination based on 
indophenol formation with sodium salicylate: Verdouw et al., 1978). For seston 
dry weight, 100 ml of sample was filtrated over a pre-combusted Whatman 
GF/F glass fibre filter, dried for 24 h in a stove at 70°C and filters were weighed 
before and after filtration on an Ohaus AS120 microbalance. In the next 
paragraph, the molecular techniques and the method used to calculate 
similarity indices for community profiling are described.  
Water samples for molecular characterisation of the plankton community 
were collected in all four Limnotrons on the first day of the experiment, and 
after two weeks. Seston was harvested onto a 0.2 øm nitro-cellulose membrane 
filter (diameter: 25 mm). DNA was extracted following the protocol described in 
Van Hannen et al. (1998). Shortly, it consists of lysing the cells by mechanical 
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means (bead beating), nucleic acid extraction (phenol and phenol/chloroform) 
and nucleic acid purification (Wizard column, Promega, Madison, U.S.A.). After 
purification, PCR amplifications were performed on the 16S prokaryotic subunit 
(Muyzer et al., 1993; Zwart et al., 1998) and on the 18S eukaryotic subunit (van 
Hannen et al., 1998) of the rRNA gene. Denaturing Gradient Gel 
Electrophoresis (DGGE) methods were used to investigate and characterise the 
prokaryotic and the eukaryotic community structures. The taxonomic resolution 
of this technique is not extremely high, but this method has proven to yield 
reliable community profiles (Muyzer et al., 1993). 
Community profiles are shown as horizontal bands on vertical lanes. 
Lanes in the gel stand for the different samples that were taken, whereas bands 
stand for certain DNA fragments from the 16S prokaryotic subunit or from the 
18S eukaryotic subunit. For convenience we will refer to each single band as 
ÂspeciesÊ, but several bands may make up one species, and single bands may 
represent clones, species or genera. The positions and numbers of the species in 
the prokaryotic DGGE gel were used to analyse the similarity of different 
samples. Each band at a certain position in a lane was counted as 1 ÂspeciesÊ. 
The similarity index between 2 lanes (e.g. A and B) was calculated as:  
( )
BA
ABBABA
N
NNN
∪
∉∉∩ +−
        (5.2) 
in which NA∩B stands for the number of shared species of A and B, NA∉B stands 
for the number of species that are in A while not in B, NB∉A stands for the 
number of species that are in B while not in A, and NA∪B stands for the total 
number of species in both A and B. This index attains a maximum value of 1 in 
the case of 100% similarity (all bands exactly similar), and a minimum value of 
−1 in the case of 100% dissimilarity (no matching species). 
The Coulter counter data were recorded and processed afterwards. For 
particle concentration and particle volume (ÂbiovolumeÊ) concentration, all 
counts and their corresponding particle volumes were summed up for the 
channels between 3.3 and 18.3 øm equivalent spherical diameter (ESD), which 
was the 95% confidence interval of the algal size distribution. After correction 
for sample dilution in the electrolyte, these sums yielded the particle 
concentrations and volume concentrations for the different sample ports. 
Values for chlorophyll-a, particle concentration and particle volume 
concentration were used for a one way analysis of variance (ANOVA), in which 
the four Limnotrons were tested as different treatments. First the data were 
tested on homogeneity of variance with BartlettÊs Chi-square test. Data that 
showed heteroscedasticity could not be properly transformed with the Box-Cox 
transformation. In case the ANOVA of these data yielded significant differences, 
further testing was done using the non-parametric Kruskall–Wallis test. In 
case of significant differences between Limnotrons, unplanned comparisons of 
means were done using a Tukey honestly significant difference test for unequal 
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sample sizes (SpjŒtvoll & Stoline test). Because of the low number of sample 
ports per Limnotron, no proper testing for normality could be done. All 
statistical analyses were done with StatSoftTM CSS Statistica (1999). 
 
Power analysis 
With power analysis we quantified the probability of occurrence of Type II 
errors (β: the error that is made when not rejecting H0 when it should have 
been rejected, see e.g. Sokal & Rohlf, 1995). To be able to judge whether we 
obtained similar experimental results for the different Limnotrons, we need to 
report the statistical power (1-β: the probability that our H0 is true in case of 
rejection of H1). The power of a statistical test is dependent on the type of test 
used, sample size, effect size, the variance of the samples and the probability of 
the type I error (α: the error that is made when not rejecting H1 when it should 
have been rejected), and there is a trade-off between α and β (Peterman, 1990). 
Sheppard (1999) shows some relationships between those factors for t-tests, χ2-
tests and analyses of variance, which make it easy to judge, for example, how 
many samples are needed at a certain α when one wants to detect a certain 
effect size when using a certain kind of test with a certain power (= a priori 
power analysis, see e.g. analytical formula for ANOVA in Sokal & Rohlf, 1995).  
Often resource limitation determines how many samples can be taken or 
how many replicates can be used. To determine the statistical power of a 
certain test with a certain α that has already been performed on a set of samples, 
one can apply a posteriori or post hoc power analysis. Furthermore, a 
compromise power analysis can be performed: a desired ratio between α and β is 
specified for a certain set-up and statistical test, and the analysis yields the α 
and β that should be used with a certain effect size. We did all three types of 
power analysis with the freely available programme G*Power (2001; Erdfelder 
et al., 1996). 
First we calculated effect sizes and power for the phytoplankton and 
zooplankton experiments that have already been performed (a posteriori power 
analysis for ANOVA). For the phytoplankton experiment, we used seston data 
(chlorophyll-a, particle concentration and particle volume concentration) from 
three phases of the experiment: the beginning, around the biomass maximum 
and the end. For the zooplankton experiment we used data on the abundance of 
the most abundant Cladoceran, Daphnia galeata, for three consecutive weeks 
during this experiment at three different heights (sample ports) and three 
distances from the central axis. The zooplankton data were first tested on 
heteroscedasticity with BartlettÊs Chi-square test. Then one-way and two-way 
ANOVAÊs were performed on the zooplankton data. Also, one-way ANOVAÊs 
were performed on averages of the distances from the central axis over their 
heights. For both the phytoplankton and zooplankton experiment, we calculated 
the required numbers of samples with the a posteriori calculated effect sizes for 
an ANOVA (a priori power analysis) for powers of 0.80 (usually the minimum 
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power required for detecting a reasonable departure from the null hypothesis) 
and 0.95 (conservative: β as high as α). In addition, we calculated the numbers 
of required samples required for these powers for two conventional effect sizes 
(ÂmediumÊ= 0.25, ÂlargeÊ=0.40; see Cohen, 1988) for 4 Limnotrons. 
For a future set-up with 8 Limnotrons, we also performed a compromise power 
analysis for a two-tailed t-test, in which 2 groups of 4 Limnotrons were 
compared. We investigated a range of conventional (0.2 = ÂsmallÊ, 0.5 = ÂmediumÊ, 
0.8 = ÂlargeÊ: Cohen, 1988) and some larger hypothetical values of effect sizes, 
and looked at the corresponding values for α and statistical power (P) for 
different ratios of β to α. If e.g. someone finds making a type II error as worse as 
making a type I error, this ratio should be chosen as 1, but usually the interest 
is more in not making the type I error (Âfinding a true differenceÊ), and higher 
β/α ratios can be chosen. Effect sizes for a t-test can be calculated as: 
σ
21 YY − ,          (5.3) 
in which 1Y  and 2Y  are the averages of the two respective groups, and σ is 
standard deviation within these groups.  
 
Results 
System performance 
The results of the mixing experiment are shown in Figure 5.3a. The shapes of 
the curves are all similar, only Limnotron 2 shows a slightly different curve. 
This is probably caused by the initial conductivity, which was different from the 
other Limnotrons. The average mixing time was 3 h 22 min (µ 16 min) at the 
(default) setting of 0.54 RPM, while omitting the results from Limnotron 2 in 
the calculation of mean and standard deviation of mixing times yielded 
comparable results (average mixing time = 3 h 17 min µ 17 min). Thermoclines 
could be created over different ranges, of which the ranges 10–20 °C and 15–20 
°C are shown (Fig. 5.3b). As can be seen in this figure, the minimum and 
maximum recorded temperatures are above and below these values, but 
considering the 2-block design and position of the temperature sensors (at 0.50 
and 1.00m depth), these deviations are acceptable. Impeller rotation did not 
cause much variation in the temperature profiles observed (Fig. 5.3).  
The underwater light field was similar for the light systems on all four 
Limnotrons. The surface irradiation was 134 µ 8 ømol m-2 s-1 (Fig. 5.4b). Most 
of the differences in measured irradiation at certain depths were probably 
caused by variation in the horizontal positioning of the light sensor. Figure 5.4a 
shows the spectral composition of the fluorescent light of the Limnotrons, 
compared to sunlight measured during mid-summer on a clear day. The 
radiation energy of the fluorescent lights was much lower. The sunlight showed 
high radiation energy over nearly the whole spectrum, whereas the fluorescent 
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light spectrum had a less continuous appearance and had low values at longer 
wavelengths (>650 nm). 
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Figure 5.3. Upper panel (a): relative conductivity at the observation lock of a Limnotron, after having inserted a NaNO3 solution at 
the bottom. This graph gives an indication of the rate of mixing in the different Limnotrons, where numbers 1 through 4 stand for 
the four different Limnotrons. The horizontal line shows the line at which 90% of the final conductivity is reached. Lower panel (b): 
vertical temperature profile in a Limnotron with the upper block set at a higher temperature than the lower block. First 
temperature in legend stands for set temperature of lower block, whereas last temperature stands for set temperature of the 
higher block. Black symbols indicate means of measured values at three different distances from central axis, and horizontal error 
bars indicate standard deviations from this mean. White symbols (ÂstirredÊ) indicate measurements done from the observation lock 
after the impeller had been switched on for 30 minutes at the default setting.  
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Figure 5.4. Upper panel (a): vertical light profile of the different Limnotrons. The numbers 1 through 4 stand for the four different 
Limnotrons. Lower panel (b): comparison of the spectral composition of the fluorescent light system of the Limnotrons and sunlight. 
The solar spectrum was measured on 3 July 2001, at 10:15 local time on Lake IJsselmeer, The Netherlands. 
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Figure 5.5. Abundance and vertical distribution of 4 Cladocera species during the zooplankton experiment. The date numbers 1, 2, 
and 3 stand for 24 September 1997, 1 October 1997 and 8 October 1997 respectively, whereas H, M, and L stand for the high, 
middle and low sample ports. 
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From the four species that were added to the prototype Limnotron, only 
Daphnia galeata and Ceriodaphnia pulchella were found back in significant 
densities and showed an increase in density through time. The remaining two 
species, Daphnia cucullata and Chydorus sphaericus, could be maintained 
throughout the experiment, be it at low densities (Fig. 5.5). The figure suggests 
a tendency of D. galeata to concentrate near the bottom at the first and the 
second sampling date. 
 
Phytoplankton experiment 
In Limnotron 4, the cooling liquid faucet was not set open properly at the start 
of the experiment, which resulted in a cooling failure that lasted for 1.5 weeks, 
caused increased temperatures (Fig. 5.6). Apart from that, the measured 
Limnotron temperatures remained within the range 17–18 °C (Fig. 5.6). More 
serious though, was the positioning of the two temperature sensors within the 
central axis in Limnotron 1, which were accidentally positioned too low under 
their intended measuring depths (0.50 and 1.00 m). Because of this, no reliable 
indications of the average upper and lower block temperatures were passed to 
the thermostat control. The temperature control itself worked properly, but 
since the sensor position was below its intended position, the actual (average) 
block temperature could be higher than the temperature indicated on the 
control screen, which showed normal values for Limnotron 1 (Fig. 5.6). As a 
result of this, the surface temperature of Limnotron 1 could reach temperatures 
of 25–30 °C, and this error lasted several weeks before it was detected. 
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Figure 5.6. Temperature during the phytoplankton experiment. The temperature was set at 17.5°C (dotted horizontal line). The 
numbers of the plots indicate the numbers of the different Limnotrons, whereas ÂaÊ and ÂbÊ represent the measurements from the 
upper and lower temperature sensors, respectively. 
Initial algal growth was rapid, and after 1.5 weeks, maximum 
concentrations of 159µ6 øg chlorophyll-a L-1 were reached (Fig. 5.7a). Maxima 
in particle concentration and seston volume (ÂbiovolumeÊ) concentration were 
reached after 2 weeks and had values of 5.15Û108µ0.38Û108 particles L-1 and 
59µ10mm3 L-1, respectively (Fig. 5.7b,c). Simultaneously with these biomass 
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peaks, SRP and NO3 concentrations reached their minima (Fig. 5.8a,b), while 
NH4 still had values near the detection limits (Fig. 5.8c). pH and oxygen 
reached very high values of around pH 10.6µ0.1 and 41.5µ0.9 mg O2 L
-1 (Fig. 
5.8d,e). After these maxima, the phytoplankton collapsed: chlorophyll-a 
concentrations dropped steeply (Fig. 5.7a), whereas particle concentration and 
particle volume concentration went down only slowly, indicating that the 
majority of the seston after the chlorophyll-a maximum consisted of detritus 
(Fig. 5.7b,c).  
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Figure 5.7. Chlorophyll-a and Seston concentrations in the different Limnotrons during the phytoplankton experiment. The 
numbers 1 through 4 stand for the four different Limnotrons. Error bars are 1 SD. Upper panel (a): Chlorophyll-a concentration. 
Middle panel (b): seston particle concentration. Lower panel (c): seston particle volume concentration. 
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Figure 5.8. Nutrient concentrations, pH and oxygen concentrations in the different Limnotrons during the phytoplankton 
experiment. The numbers 1 through 4 stand for the four different Limnotrons. Upper left panel (a): soluble reactive phosphorus 
(SRP) concentrations. Upper right panel (b): nitrate (NO3) concentrations. Middle left panel (c): ammonium (NH4) concentrations. 
Middle right panel (d): pH. Lower panel (e): oxygen (O2) concentrations. Note that panel e has a different legend: ÂaÊ and ÂbÊ 
indicate measurements at 0.5 and 1.0m. depth, respectively. 
Nutrient recycling started slowly, with nitrate almost being back at initial 
values near the end of the experiment (Fig. 5.8b), whereas SRP remained low 
(Fig. 5.8c). NH4 was not added as a nutrient, but increased during the 
experiment (Fig. 5.8c). Oxygen decreased as well during the algal collapse (Fig. 
5.8e), but the pH remained at very high values (Fig. 5.8d). For almost all 
measured variables, all Limnotrons show comparable patterns in time. The 
ANOVAÊs of the chlorophyll-a concentrations during the first 1.5 weeks reveal 
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that Limnotron 1 deviated from the other Limnotrons (Table 5.3). The ANOVAÊs 
of the particle concentration in this table also show a deviant Limnotron 1 at 
various sampling days, whereas no consistent deviations through time could be 
found for the other Limnotrons. The same pattern can be observed for the 
ANOVAÊs of the particle volume concentrations, be it less clear. 
 
Table 5.3. Results of one-way analyses of variance (ANOVAÊs) performed on the chlorophyll-a concentrations, on the seston particle 
concentrations, and on the seston volume concentrations at different days. Total numbers of samples (n) were 8 for the 
temperature data, 11 for the other data until day 8, and 10 from day 11 on. Because of limited space, only p-values and 
significant results of the between-Limnotron differences are shown. Bold values indicate significant differences (p<0.05), italic p-
values also gave significant results in BartlettÊs Chi-square test (indicating heteroscedasticity), whereas underlined values are p-
values from the Kruskall–Wallis test. Group factors resulting from the SpjŒtvoll & Stoline test are given for all significant 
differences in the ANOVAÊs that were not significant in BartlettÊs Chi-square test; identical characters indicate identical Limnotrons. 
Variable Chlorophyll-a concentration Particle concentration Particle volume concentration 
Day no. p-value Limnotron no. p-value Limnotron no. p-value Limnotron no. 
  1 2 3 4  1 2 3 4  1 2 3 4 
1 <0.0001 a b b c 0.5029     0.8262     
3 0.0038 a b b b 0.0262     0.4655     
5 <0.0001     0.0163 a b b b 0.6963     
6 0.0001 a b b b 0.0668     0.0668     
8 0.0006 a b b b 0.6541     0.0597     
11      0.8120     0.9368     
14      0.4239     0.0520     
18      0.1916     0.0536     
20      0.6491     0.2208     
21      0.0259 ab a b ab 0.0029 ab a bc c 
25      0.4342     0.0087 ab a ab b 
27      0.0479 a a a a 0.0404 a ab b ab 
29      0.1458     0.3479     
33      0.4160     0.7271     
34      0.0005 a b c bc 0.1610     
36      0.0067 a ab b b 0.0020 a a b b 
39      0.0345 a ab ab b 0.0378 a a a a 
41      0.9232     0.3537     
46      0.0016 a b b b 0.0006 a b b b 
48      0.0455 a a a a 0.0004 a b c bc 
The Limnotrons: a facility for experimental community and food web research 
 109 
 
(a) 
(b) 
 
Figure 5.9. DGGE gels from the eukaryotic and prokaryotic communities during the phytoplankton experiment. The two outer lanes 
are marker lanes. The lane numbers 1, 2, 3, and 4 stand for the respective Limnotrons. The letters ÂaÊ stand for the pelagic 
samples from the starting date, ÂbÊ stand for the mixed pelagic/sediment samples from the starting date, and ÂcÊ stand for the 
mixed pelagic/sediment samples that were taken after two weeks from the start of the experiment. (a) Eukaryotic community 
DGGE. (b) Prokaryotic community DGGE. The white arrows show the positions of the bands that were used for comparison, whereas 
the white dots indicate which bands were counted for further analysis (Table 5.4). 
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Table 5.4. Similarity indices of the prokaryotic community in Limnotrons 1 and 3 at the beginning of the phytoplankton 
experiment (1b, 3b) and after two weeks (1c, 3c) 
Similarity 1b 3b 1c 3c 
1b 1.00 0.26 −0.15 −0.32 
3b 0.26 1.00 −0.29 −0.24 
1c −0.15 −0.29 1.00 0.58 
3c −0.32 −0.24 0.58 1.00 
 
The eukaryotic plankton community remained identical for all 
Limnotrons at all sampling dates, only showing a double band in all samples 
(Fig. 5.9a). This could only be S. obliquus since this was the only eukaryotic 
strain that was used as inoculum species. Visual (microscopic) investigation of 
these samples confirmed this; moreover, S. obliquus appeared to be the only 
eukaryote present throughout the experiment. In Figure 5.9b, the DGGE profile 
of the prokaryotic community is shown. The preliminary investigations of the 
prokaryotic and eukaryotic DNA unfortunately yielded insufficient DNA for 
reliable community profiles of Limnotrons 2 and 4 after 2 weeks (visible as 
vaguer bands in Fig. 5.9a, Â2cÊ and Fig. 5.9b, Â2cÊ and Â4cÊ, as compared to the 
other samples), so we restricted the comparison of the prokaryotic communities 
to Limnotrons L1 and L3. Furthermore, for reasons of comparability, we only 
analysed the mixed pelagic/bottom samples (Fig. 5.9b, ÂbÊ and ÂcÊ series). In the 
DGGE profile we can see a decrease of the number of species in the upper part 
of the gel when going from b to c, while the number of species in the lower part 
of the gel increases in time. Table 5.4 gives the similarity indices for the 
different systems and times. Apart from comparing the same sample, which 
yields the obvious similarity index of 1, the only positive similarity indices were 
found between Limnotrons L1 and L3 at the same dates. These values 
increased in time, indicating an increasing similarity between those systems 
after two weeks, compared to the starting date. This confirms what may already 
be visible from the DGGE gel: the different systems had initial differences in 
prokaryotic community composition, this composition shifted in time, and the 
final communities were more similar than the initial ones.  
 
Table 5.5. Results of the power analysis for ANOVAÊs. In the first two rows, conventional values for medium and large effect sizes 
and power of the ANOVA for 4 groups and α=0.05 are given. For the measured variables, their effect sizes were calculated 
(second column), and the powers of these data were calculated a posteriori (fourth column) for the actual number of samples 
(third column: e.g. in the course of the phytoplankton experiment, 2 out of 12 sample ports got damaged). In the last two columns, 
the number of samples required for moderately large (0.80) and quite large (0.95) powers were calculated a priori for the 
corresponding effect sizes. For the phytoplankton experiment, chlorophyll-a concentration, particle concentration, and particle 
volume concentration during three consecutive phases of the experiment (start, biomass peak, and end) were used. For the 
zooplankton experiment, the density of Daphnia galeata was analysed in a one-way ANOVA for the different variables that were 
measured: height (H: 3 sample ports), distance from the central axis (C: 3 positions) and sampling date (D: 3 dates), whereas for 
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the two-way ANOVAÊs, only the results for the interactions (H×C, H×D, C×D) are given. Also, the results are given for one-way 
ANOVA for the averages of the different zooplankton densities over their position from the central axis. Italic symbols gave 
significant (α<0.05) results in BartlettÊs Chi-square test, bold symbols gave significant differences in the ANOVAÊs, 1=fourth 
(biquadratic) root-transformed, 2=square root transformed. 
Variable 
 
 
 Effect 
size 
Total 
number 
of 
samples 
Power 
(P) 
Number of 
samples  
required for 
P≥0.80 
Number of 
samples  
required for 
P≥0.95 
Phytoplankton     total per total per 
(all one-way)      Limnotron  Limnotron 
ÂMediumÊ 
effect 
 0.25 12 0.080 180 45 280 70 
ÂlargeÊ effect  0.40 12 0.132 76 19 112 28 
Chlorophyll-a day1 15.81 11 1.000 8 2 12 3 
concentration day 3 4.08 11 1.000 8 2 12 3 
 day 8 2.44 10 1.000 12 3 12 3 
Particle day 1 0.49 11 0.161 52 13 76 19 
concentration day 3 0.45 11 0.143 60 15 88 22 
  day 8 0.51 10 0.148 48 12 72 18 
  day 14 0.55 10 0.166 44 11 64 16 
  day 46 2.75 10 1.000 8 2 12 3 
  day 48 1.48 10 0.811 12 3 16 4 
Particle 
volume 
day 1 0.42 11 0.129 68 17 104 26 
concentration day 3 0.71 11 0.299 28 7 40 10 
  day 8 1.35 10 0.729 12 3 16 4 
  day 14 1.21 10 0.629 16 4 20 5 
  day 46 3.27 10 1.000 8 2 12 3 
  day 48 3.55 10 1.000 8 2 12 3 
Zooplankton         
All samples, H 0.45 27 0.452  51  81 
one-way C 0.52 27 0.614  39  63 
  D 0.51 27 0.590  42  66 
  D1 0.50 27 0.585  42  66 
All samples, H×C 0.85 27 0.729  36  45 
two-way H×D 1.40 27 0.996  18  27 
  H×D2 1.51 27 0.999  18  27 
  C×D 0.83 27 0.713  36  45 
  C×D2 0.65 27 0.467  45  63 
Averaged, H 0.64 9 0.247  30  42 
one-way D 1.20 9 0.585  12  15 
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The results of the a posteriori and a priori power analysis (Table 5.5) 
show that the set-up used gave low power for conventional values for effect 
sizes for an ANOVA with four groups. To increase power for these effect sizes, 
we would have to increase the sample sizes drastically. Furthermore, we can 
see differences between methods: the PHYTO-PAM measurements (chlorophyll-
a concentration) yielded much more statistical power than the Coulter counter 
measurements (particle concentration and particle volume concentration) and 
the zooplankton densities. For the zooplankton densities that were tested with 
the two-way ANOVA, only the interaction terms are shown. Within the 
zooplankton densities, the single factors (height, centre position or date) show 
lower power than their interaction terms (combinations of height, centre 
position and date). Comparison of untransformed and transformed data shows 
that transformations of the data can both increase and decrease power (Table 
5.5, all zooplankton samples, D, H×D and C×D). Averaging of the different 
positions per sample port increases the effect size, but reduces power. 
Table 5.6 shows the compromise values for α and statistical power at 
certain effect sizes. The conventional effect sizes again yielded low power and 
high values for α, but at greater effect sizes, α and β decreased quickly. If we 
would choose α to be 0.05, we would require an effect size between 3.00 and 
3.50 for α=β (P≥0.95), an effect size between 2.50 and 3.00 for α=β/2 (P≥0.90) 
and an effect size between 2.00 and 2.50 for α=β/4 (P≥0.80: usually the minimal 
power required). 
 
Table 5.6. Results of a compromise power analysis for a two-tailed t-test of 2×4 samples. In the first row, the desired ratio of the 
probability of making a type I error (α) to the probability of making a type II error (β) is given, varying from conservative (β=α: 
chosen if making a type II error is considered as worse as making a type I error) to more liberal (β=2α or β=4α: if making a 
type II error is considered as less worse than making a type I error). Values for α and power (P: 1-β) are given for a range of 
hypothetical effect sizes. Conventional values for effect sizes for a t-test are 0.2 (small effect), 0.5 (medium effect) and 0.8 (large 
effect). 
β/α ratio 1 2 4 
 
effect size 
α 
(=β) 
 
P 
α 
(=β/2) 
 
P 
α 
(=β/4) 
 
P 
0.20 0.492 0.508 0.328 0.345 0.197 0.212 
0.50 0.451 0.549 0.299 0.402 0.182 0.272 
0.80 0.386 0.615 0.256 0.487 0.159 0.363 
1.00 0.336 0.664 0.225 0.550 0.142 0.431 
1.50 0.222 0.777 0.153 0.694 0.101 0.595 
2.00 0.140 0.860 0.100 0.801 0.069 0.726 
2.50 0.087 0.913 0.064 0.873 0.045 0.819 
3.00 0.054 0.946 0.041 0.919 0.030 0.881 
3.50 0.034 0.966 0.026 0.948 0.020 0.922 
4.00 0.022 0.978 0.017 0.966 0.013 0.948 
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Discussion 
Limitations to phytoplankton growth 
Plant photosynthesis is often undersaturated with respect to CO2 (Kirk, 1994), 
and we suppose this was the case for S. obliquus during the phytoplankton 
experiment. There was hardly any exchange of CO2 with the outside air, so that 
the diffusion flux of CO2 into the water column was small. Because the system 
was started without detritus, detritus decomposition started slowly, resulting in 
initially low internal nutrient loading and low CO2 concentrations. Ammonium, 
an indicator of this decomposition process (Borgmann et al., 1988), was not 
added as a nutrient to the systems and only became present in detectable 
amounts in March. At that time (after 2.5 weeks), both chlorophyll-a and seston 
already were decreasing. High pH values were observed, indicative of low CO2 
concentrations and potentially harmful to zooplankton (Vijverberg et al., 1996). 
Light limitation (or co-limitation with carbon) may also have been 
responsible for the phytoplankton decline, but we can neither proof nor exclude 
this. We have observed irradiances as low as 7 ømol quanta m-2 s-1 at 1.2 m 
depth (=5% of the surface irradiation) during the phytoplankton maximum; this 
corresponds to a vertical attenuation coefficient of 2.5. If the phytoplankton was 
mixed as easily as the salt solution during the mixing experiment (Fig. 5.3a), 
they can be expected to have been in the higher (= lighter) part of the 
Limnotrons during a great part of the day, and we used constant light. This 
would allow the phytoplankton to build up photosynthetic reserves for periods 
with less light (when the algae are near the bottom). Furthermore, S. obliquus 
is known to adapt to circumstances with low light (Fleischhacker & Senger, 
1978). 
Limitation by phosphorus or nitrogen during the phytoplankton 
experiment is not likely. Sas (1989) gives threshold values for algal growth, 
below which limitation may occur in natural lakes, of 10 øg L-1 for SRP and 100 
øg L-1 for (dissolved) inorganic nitrogen (NO2+NO3+NH4). Minimum values 
during the algal collapse (around 12 March) were 20-40 øg L-1 for SRP, and 
1500–2000 øg L-1 for the sum of NO3 and NH4, which are well above the 
potentially limiting values. 
 
Community development 
The initially different prokaryotic communities in the different Limnotrons 
seem to develop towards one type of community, although only preliminary 
molecular analyses have been carried out. Community convergence may be 
obvious both from an energetic efficiency point of view (Riegman et al., 1993) as 
from the concept of a coevolved equilibrium community (DeAngelis & 
Waterhouse, 1987). It should be realised, though, that invasion of new species 
from outside was not hypothetical within this experiment, since sampling 
occurred three times a week. During sampling, sampling ports and the 
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observation lock were opened, and new nutrients and tap water (to compensate 
for sampling losses) were added. Even so, the (eukaryotic) phytoplankton 
remained consisting of the initial species S. obliquus only, indicating either a 
low risk of invasion by other species and/or a high competitive ability of this 
species under these conditions. In the zooplankton experiment, all zooplankton 
species were found back at the end of the experiment, and no shifts in 
community composition had appeared. D. galeata showed the highest 
population growth, probably because of its superior competitive abilities 
(Kreutzer & Lampert, 1999). 
Contrary to light, temperature and mixing rate, nutrient concentrations 
and plankton densities are not under direct experimental control and may be 
subject to fluctuations, either caused by non-linear feedbacks in the system and 
time-lags in interactions (e.g. between nutrient uptake and phytoplankton 
growth), by stochasticity imposed by a variable environment (DeAngelis & 
Waterhouse, 1987) or by disturbances caused by sampling. Therefore, we were 
interested in the dynamics of the plankton when only S. obliquus was 
deliberately added. Despite initial differences in temperature, all systems show 
analogous patterns for almost all variables and the dynamics of these variables 
are remarkably synchronous. Apparently, the Limnotron environment imposes 
a strong forcing on the system dynamics, yet allows establishment of 
prokaryotic organisms, phytoplankton and herbivorous zooplankton. 
 
System performance and improvements 
The criteria for control over the abiotic variables were well met, and the 
zooplankton experiment showed that a multispecies zooplankton community 
could maintain and develop during a period of several weeks, indicating 
sufficient primary production to support herbivorous zooplankton. However, 
during the phytoplankton experiment some of the equipment showed technical 
problems. Probably the greatest problem was the loss of the middle sample port 
valves in Limnotrons 1 and 3 in the course of the experiment, which was caused 
by too violent scraping of the impeller. We changed the impeller by attaching a 
narrower silicon rubber strip, which greatly reduced friction. Failures in 
temperature regulation were human errors and with future use, care should be 
taken at this point. Both high oxygen concentrations and high pH during the 
phytoplankton experiment could potentially be prevented by sufficient air 
exchange between the water column and the atmosphere, while this also could 
promote faster nutrient recycling in the Limnotrons. Currently we are working 
on an aeration system for the Limnotrons. With these improvements, the 
Limnotrons should obtain the robustness that is required for long-term 
community research. 
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Optimisation of the experimental design 
Despite similarity of many variables during the phytoplankton experiment, this 
could often not be tested statistically because only single determinations per 
sampling date and Limnotron were done. However, some data on biotic 
variables (zooplankton density during the zooplankton experiment, chlorophyll-
a, particle concentrations and particle volume concentrations during the 
phytoplankton experiment) were measured several times per sampling date per 
Limnotron. In spite of this, these measurements were still too low for proper 
testing on normality, but unless samples from very skewed distributions would 
be used, the F statistic (that is used when doing ANOVA) has shown to be quite 
robust to deviations from normality (Lindman, 1974). For the phytoplankton 
experiment we have found significant differences between Limnotrons (Table 
5.4), but the power of these data often was too low to permit any conclusions. 
This shows that increasing power in future measurements is essential to get 
more insight into ecological meaningful processes. In the next paragraphs, we 
will discuss factors that influence the statistical power of the data from the 
phytoplankton and zooplankton experiments.  
In Table 5.5, differences in statistical power are visible between the 
different types of phytoplankton biomass data. For the phytoplankton results, 
the chlorophyll-a data show much more resolution than particle concentrations 
and particle volume concentrations. The variation in the latter two is probably 
a methodological problem. Peters (1980) discusses a number of error sources of 
the Coulter counter, of which some can have serious influence on the results. 
Repetitive measurements of the same sample and/or more samples per 
Limnotron should increase the power for this instrument. 
In the zooplankton experiment, we considered differences in densities 
between samples from different locations and dates within one Limnotron. The 
variation in these zooplankton densities was predominantly caused by many 
zero measurements, which were found as the result of a highly stratified 
sampling procedure with too small samples. Zero measurements can be avoided 
by taking larger samples There is, however, a practical limit to the sample size, 
since the amount of disturbance should be kept to a minimum. The ANOVA 
gave a significant day effect for zooplankton densities (Table 5.5, ÂDÊ), but much 
more samples and/or larger samples should have been taken to provide 
sufficient power for any conclusion on this. The numbers of samples that would 
be required for sufficient power for the one-way ANOVAÊs could already be 
obtained by using the same experimental set-up in more than one Limnotron. 
With 3 Limnotrons, already 3×27 (=81) samples would be obtained, which is 
even sufficient for a minimum power of 0.95 for all tests considered (Table 5.5). 
All interactions show higher effect sizes than single factors, which may be 
explained by the fact that more different groups were being compared. 
Nevertheless, care should be taken with the ecological interpretation of the 
interactions. For example, the (significant) interaction height×day (Table 5.5, 
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ÂH×DÊ) corresponds to a shift in vertical distribution through time (see also Fig. 
5.5, Daphnia galeata). This could be attributed as ecological meaningful (e.g. 
adaptation to a changing vertical light or oxygen gradient). On the other hand, 
a shift in horizontal position in time may have a much obscurer explanation 
(compare Table 5.5: ÂDÊ and ÂC×DÊ). 
Transformation of the data (which is needed in the case of heteroscedastic 
or non-normal data) may both increase or decrease power, because both the 
differences between groups and the standard deviation within the groups are 
transformed, and the outcome may depend on the data and the type of 
transformation used. Averaging of data gives the same effect as when we would 
mix the position samples per sample port in the experiment. Averaging 
increased the effect size (the effect of the zero measurements on the standard 
deviations decreases), but power decreased as well as less ÂobservationsÊ were 
left (3 instead of 9 per group). Obviously, this strategy, either done 
experimentally or numerically, will always cost loss of spatial or temporal 
resolution. 
We analysed the suitability of using the Limnotrons for a set-up with two 
groups of Limnotrons: one group of controls and one group of treatments, which 
could be compared by a two-tailed t-test. A straightforward solution to increase 
statistical power for this set-up would be to increase the number of Limnotrons, 
but due to space limitation, this will not be possible in the near future. 
Therefore, the compromise analysis (Table 5.6) gives α and powers for a total of 
8 Limnotrons. It is difficult to specify desired effect sizes without a specific 
hypothesis, but as an example we chose the deviation of Limnotron 1 from the 
other Limnotrons. This deviation was visible in the ANOVAÊs (Table 5.3) of the 
chlorophyll-a concentrations (days 1, 3 and 8) and (to a lesser extent) in particle 
concentrations (days 46 and 48) and particle volume concentrations (day 48). 
The calculated effect sizes for these dates range from 2.44 to 15.81 (Table 5.6). 
As can be seen in Table 5.7, this would, with a maximum α of 0.05, already 
allow for a minimum required power of 0.80 for the lowest value of 2.44, while 
effect sizes from 3.5 allow for higher powers of 0.95. It should be remarked 
though, that these effect sizes were calculated for an ANOVA, and not for a t-
test. For a two-tailed t-test (α=0.05) we can only specify the required effect sizes 
in ratios between the (absolute) difference between the group means, and their 
average standard deviation, which are given in Table 5.6. If the observations 
would yield smaller effect sizes, effort should be taken to reduce the variation of 
the data to a minimum. This can be done by increasing the sample size or by 
choosing methods with low variability.  
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ÂCosmÊology 
Compared to natural lakes, the Limnotrons are very restricted systems: they 
contain a fraction of the volume of a natural lake, and only contain the pelagic 
compartment, which is restricted by artificial boundaries. Since Forbes (1887), 
the reductionist experimental approach to ecology is still topic of ongoing debate, 
see e.g. the special feature of Ecology 77(3), pp 663–715 (1996). Lawton (1996) 
reviewed the major points of critique on laboratory community research. 
Because cosms consist either of artificial species assemblages or of isolated 
parts of ecosystems, the experimental outcomes of these systems should never 
be translated to field situations directly. The experimental results are likely to 
be biased by mismatches in spatial and temporal scales, the system complexity 
is reduced, and ÂwallÊ or ÂbottleÊ effects may dominate when restricting a system 
to artificial boundaries (Petersen et al., 1997). The important point is that 
laboratory ecosystems can never replace field experiments, but that they are 
unique tools and should be judged at their specific scales of space, time and 
complexity. Just like computer models, they should be used for exploration of 
basic ecological principles rather than simulating the functioning of natural 
pelagic ecosystems. 
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Abstract  
The evolution of inducible defences may be explained by the 
existence of defence costs. The different costs of induction of 
defences have been extensively studied, but little studies 
investigated costs during defence relaxation, although the 
latter may be as important as the former. In bioassays with 
herbivore-induced colonies of the Chlorophyte Scenedesmus 
obliquus, rates of colony disintegration were investigated in 
the absence of herbivory, using three different light regimes. 
Colonies disintegrated less rapidly with increasing daily 
light dose, which reveals photosynthetic costs associated 
with colony maintenance. In a second experiment in 
laboratory mesocosms, population dynamics and morphology 
of S. obliquus were investigated, which had been exposed to 
the rotifer Brachionus calyciflorus (herbivore) or not 
(controls). Under herbivory, rapid colony formation was 
observed in S. obliquus. After herbivory, when B. calyciflorus 
had gone extinct, these colonies were still present. Under 
these conditions, pelagic biomass decreased rapidly and loss 
rates doubled compared to the controls. We attribute these 
rapid losses to increased sedimentation rates of colonies, 
which are a form of ecological costs. This study shows that 
during the relaxation phase, organisms may be subjected to 
both physiological and ecological costs. Although the 
generally observed pattern of relatively slow relaxation 
involves fitness costs, these costs may still be preferable 
compared to the irreversible fitness consequences of  
herbivory. 
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Introduction 
Inducible defences have been found across numerous taxa and habitats in 
nature (e.g. Havel 1987; Karban & Baldwin 1997; Kats & Dill 1998; Tollrian & 
Harvell 1999). Two important boundary conditions for the evolution of inducible 
defences are: (1) temporally variable predation pressure and (2) fitness costs 
associated with the possession of defences (Harvell 1990; Tollrian & Harvell 
1999). The combination of these two conditions makes that benefits and costs of 
inducible defences vary continuously. Many costs of defences vary temporally, 
such as resource allocation to defences, which may trade off with allocation to 
other processes (Stamp 2003), and costs that defended organisms experience 
through the interaction with their environment. The latter are known as 
„environmental costs‰ (Tollrian & Harvell 1999) or „ecological costs‰ (Strauss et 
al. 2002). There are also constant costs of defences, such as the costs of (keeping) 
the ability to develop inducible defences, called „opportunity costs‰ (Tollrian & 
Harvell 1999) or „constitutive costs‰ (Purrington 2000).  
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Figure 6.1. Different phases during the inducible defence cycle of Scenedesmus obliquus. Fitness (hatched area) is scaled to a 
maximum of 1, representing fitness of undefended algae in the absence of herbivory. A, undefended phase, herbivory is absent or 
very low and algae are undefended; B, induction phase, algae have not yet developed their defences (completely) so that losses 
due to herbivory are high and fitness is low; C, defence phase, algae are fully defended which has some fitness cost, but losses due 
to herbivory are much lower; D, relaxation phase, defences and associated costs are still present but herbivory is absent or very 
low. 
Temporal variability of costs and benefits results in temporal variability 
of an organismÊs fitness during the defence cycle, compared to the undefended 
phase (Fig. 6.1). During the undefended phase, herbivory is low or absent. 
Hence, herbivory losses are minimal and costs of defences are low, yielding 
maximum fitness (Fig. 6.1A). When herbivory increases, the induction phase 
starts (Fig. 6.1B). Fitness drops dramatically because of losses to herbivory, and 
defences have not fully developed yet (Fig. 6.1B). During the defence phase, 
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defences have developed fully, so losses to herbivory decrease but costs of 
defences have increased compared to the induction phase (Fig. 6.1C). Because 
herbivory imposes the largest fitness costs, fitness during the defence phase is 
higher than during the induction phase. During the relaxation phase, herbivory 
diminishes, but defences and associated costs remain present for some while 
(Fig. 6.1D) until full relaxation has been reached again. Thus, the timing of 
defence induction and relaxation are essential elements in the balance of costs 
and benefits of defences (e.g. Karban & Myers 1989; Adler & Harvell 1990; 
Hammerstrom et al. 1998; Underwood 1998; Young & Okello 1998; Raimondi et 
al. 2000; Zangerl 2003). 
Induction delays (Fig. 6.1, B) occur because it takes time for the stimulus 
to reach the organism and before the organism has developed its full defences 
(Baldwin et al. 1994; De Meester & Cousyn 1997; DeWitt et al. 1998; 
Kaitaniemi et al. 1998; Zangerl 2003) or because organisms sometimes must 
experience some level of damage before defence induction starts (Järemo et al. 
1999). Such delays lower the effectiveness of defences (Cipollini 1998) and thus 
impose extra costs to an organism (e.g. Padilla & Adolph 1996; DeWitt 1998; 
Järemo et al. 1999; Raimondi et al. 2000; Van Buskirk 2002; Zangerl 2003). 
Delays in defence relaxation and associated fitness costs (Fig 6.1, D) have 
received less attention. The relaxation time (delay) should be minimised when 
defences are costly (Stamp 2003). Because of the physiological costs associated 
with maintenance of defences, „metabolically labile‰ defences (Zangerl 2003) 
should decay rapidly to the pre-induction level. This would imply that in 
resource-limited environments, relaxation time of reversible defences may be 
shorter than in environments that provide sufficient resources. Nevertheless, 
even when resources are in ample supply and allocation costs are easily met, 
organisms may still experience ecological costs of defences (cf. Strauss et al. 
2002) during relaxation. In natural systems, ecological costs may impose 
another important constraint on the development of inducible defences.  
This study investigated 2 research questions, using Scenedesmus 
obliquus (Turpin) Kützing (Chlorococcales, Chlorophyta) as inducible defended 
organism:  
• Is defence relaxation time in S. obliquus dependent on the availability of 
(limiting) resources, i.e. light? 
• When resources are not limiting to formation and maintenance of 
defences in S. obliquus, may they still experience ecological costs of 
defences? 
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Materials and methods 
Experimental system 
Scenedesmus obliquus is a cosmopolitan phytoplankton species that has been 
studied extensively with respect to induction of colony formation by 
infochemicals released by herbivorous zooplankton (Lürling 1999; Van Donk et 
al. 1999; Lürling 2003; unpublished data). These colonies reduce ingestion rates 
of various zooplankton taxa (Lürling 1999; Van Donk et al. 1999, chapter 4). 
Colony formation in Chlorophyta is strongly dependent on ambient light 
conditions (Dehning & Tilzer 1989; Boraas et al. 1998; Lürling unpublished 
data). Therefore, we performed bioassays with S. obliquus to investigate the 
effects of three light regimes (full light, a light-dark cycle and full dark) on its 
colony disintegration process in the absence of any colony-inducing stimulus. In 
addition to these bioassays, we present results from a mesocosm experiment on 
ecological costs of colony formation of S. obliquus under herbivory by the 
herbivorous rotifer Brachionus calyciflorus Pallas. This experiment had 
realistic defence induction conditions (herbivores present), and early extinction 
of this rotifer allowed to study algal morphology and fitness during the defence 
relaxation phase (herbivores absent). 
 
Relaxation time bioassays 
To measure the effect of light conditions on the duration of the relaxation phase, 
we studied the morphology of S. obliquus strain MPI (strain originating from 
the Max Planck Institute of Limnology, Plön, Germany) under different light 
conditions in infochemical-free medium. First, algae were exposed to herbivore 
infochemicals or control medium. Herbivore infochemicals were produced by 24 
h incubation of 160 B. calyciflorus ml-1 on 65 mm3 S. obliquus L-1 in COMBO 
medium (Kilham et al. 1998) at 20°C in the dark, which was then filtered over a 
pre-combusted glass fibre filter (Whatman GF/F). Control medium was 
produced similarly, but without B. calyciflorus. From a chemostat with S. 
obliquus (dilution rate 1.2 d-1), 25 mm3 algae L-1 were inoculated in 1  L bottles, 
containing 800 ml of COMBO medium, and 200 ml test water. Algae and were 
incubated for 48 h at 100 rpm, continuous light (120 µmol PAR m-2 s-1) and 
20°C. After incubation, the algae were centrifuged for 10 min at 2500 rpm, the 
pellet was resuspended in 1 L of clean COMBO medium, and this suspension 
was centrifuged and resuspended again, for both infochemical treatments and 
controls. 250 ml cellulose-plug stoppered Erlenmeyer bottles were inoculated 
with 10 mm3 L-1 of either type of algae, in a total volume of 100 ml of clean 
COMBO medium. Both infochemical treatments and controls were incubated in 
triplicates at 20°C and 100 rpm, under three different light regimes: continuous 
dark, a 16:8h light-dark cycle, or continuous light. Light was 120 µmol quanta 
(PAR) m-2 s-1. Algae samples were taken twice a day during day 0-2, daily 
during day 2-8 and every second day during day 8-18. Samples were analysed 
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on cell densities and volumes using an electronic particle counter (Coulter 
Multisizer II), and checked on species composition and infection using a light 
microscope. As data were non-normal and heteroscedastic, we used the Mann-
Whitney U-test to compare colony sizes within treatments, and the Kruskall-
Wallis test to compare relaxation times between treatments. 
 
Limnotron experiment 
We performed experiments on costs of defences during the relaxation phase in 
laboratory scale mesocosms (Limnotrons: Verschoor et al. 2003), which ran for 
18 d. The Limnotrons have sufficient spatial heterogeneity to observe processes 
at a scale relevant to in the field (e.g. sedimentation, mixing) but offer the 
advantage of a constant abiotic environment and species composition. The 
abiotic conditions were chosen to resemble conditions during the growth season 
in shallow eutrophic lakes, the natural habitat of Scenedesmus and Brachionus 
species (Pourriot 1965; Jeppesen et al. 1990). 
After initial disinfection, six 920 L Limnotrons were filled with diluted 
COMBO medium, corresponding to initial total inorganic phosphorus and 
nitrogen concentrations of 0.7 and 4.5 mg L-1, respectively. Next, all Limnotrons 
were inoculated at day 0 with 4.4 mm3 L-1 S. obliquus strain MPI that had been 
precultured in 20 L batch cultures. The Limnotrons were set at 17.5°C, constant 
slow mixing (impeller set at 0.5 rpm) and a 16h:8h light-dark cycle, with a 
surface irradiation of 120 µmol quanta (PAR) m-2 s-1 (identical to the light: dark 
treatment in the relaxation bioassays). At day 1, three Limnotrons were 
inoculated with 350 B. calyciflorus L-1 (hatched from cysts: Microbiotest Inc., 
Nazareth, Belgium); the other three Limnotrons served as controls. Three times 
a week, pH and dissolved oxygen were measured, and samples were taken for 
nutrients, phytoplankton and zooplankton. Phytoplankton and zooplankton 
were separated by a 30øm filter. Volume lost by evaporation and sampling was 
replaced by fresh medium, corresponding to inorganic phosphorus and nitrogen 
loadings of 0.01 mg L-1 d-1 and 0.07 mg L-1 d-1, respectively. 
Seston particles, particle volume concentrations and MPVs were counted 
using a Coulter Multisizer II electronic particle counter. Microscope samples 
were fixed in 1% (vol) LugolÊs iodine solution and checked on infections or lysis 
of the algal cells. Zooplankton samples were fixed in LugolÊs solution and 
counted at 10×-40× magnification under a dissecting microscope. Nutrients 
measured were: soluble reactive phosphorus (SRP), dissolved organic 
phosphorus (DOP), particulate phosphorus (POP), ammonium (NH4), nitrate 
(NO3), and bicarbonate (HCO3). Verschoor et al. (2003) give further details on 
analytical methods. 
We also performed molecular analyses of the eukaryotic and prokaryotic 
communities as a check on species composition. To do this, seston was 
harvested onto a 0.2 øm nitro-cellulose membrane filter, followed by DNA 
extraction (Van Hannen et al. 1998). After DNA purification, PCR 
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amplifications were performed on both the 16S prokaryotic subunit (Muyzer et 
al. 1998; Zwart et al. 1998) and on the 18S eukaryotic subunit (Van Hannen et 
al. 1998) of the rRNA gene. To investigate and characterise the prokaryotic and 
eukaryotic community structures, we used Denaturing Gradient Gel 
Electrophoresis (DGGE) methods (Verschoor et al. 2003).  
The Mann-Whitney U-test was used to compare the results of the controls 
and treatments. In order to compare exponential growth and decline rates, 
which we used as algal fitness measures, biomass densities during different 
phases were first ln-transformed, and then linear regressions and slope 
comparisons were done according to Sokal & Rohlf (2000, boxes 14.4 and 1.7). 
 
Discussion of costs 
Loss rates due to sedimentation losses were described as (Visser et al. 1996): 
1−⋅= mixsedsed Zvk           (6.1) 
where ksed = loss rate due to sedimentation (d-1), vsed = intrinsic settling 
velocity (m d-1) and Zmix = mixing depth (m). The expected intrinsic settling 
velocities of particles in a laminar environment (i.e. particles <500øm diameter) 
is given by Stokes' Law (Hutchinson 1967): 
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where vsed =settling velocity (m s-1), ρp =particle density (g m-3), ρ =density of 
water (g m-3), g =gravitational acceleration (m s-2), D =diameter of the particle 
(m), ν =kinematic viscosity (m2 s-1), and f =shape factor (dimensionless). 
Sedimentation loss rates should thus be proportional to D2 (Eqs. 6.1, 6.2), i.e. 
proportional to MPV2/3. 
Grazing loss rates were calculated from daily clearance rates, using fitted 
type II functional response models from grazing experiments of B. calyciflorus 
feeding on differently sized S. obliquus and on Desmodesmus quadricauda 
(unpublished data). We used values typical for eutrophic systems when 
Scenedesmus and Brachionus co-dominate the plankton (Jeppesen et al., 1990) 
of 1.5 mg C (15000 ind.) B. calyciflorus L-1 and 15 mg C (48 mm3) S. obliquus L-
1. To compare grazing losses with sedimentation losses, we calculated 
sedimentation loss rates for a 1 m deep water column using Eqs. 6.1 and 6.2, 
which were scaled to the values obtained from the Limnotron experiment as we 
did not know all parameter values. 
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Results 
Relaxation time bioassays 
During the relaxation phase, the decrease in mean particle volumes (MPVs) 
depended strongly on the light regime: in full dark MPVs decreased 
immediately; in the light-dark cycle MPVs first decreased (the experiment 
started with a dark cycle), then increased and then decreased again; and in the 
full light MPVs first increased and then gradually decreased. In the full light 
treatment, induced colonies were significantly greater from day 0 through day 
10, in the light-dark treatment from day 0 through day 12, and in the full dark 
treatment from day 0 through day 8, and on day 12 (all P =0.0495). 
 Because controls also went down (Fig. 6.2), clearer patterns emerged 
when we compared observed relaxation times, which were taken as the time 
that MPV first dropped below the average pre-induction MPVs of 98 øm3 (solid 
horizontal lines in Fig. 6.2). We found a significant treatment effect for 
relaxation times (P =0.0226, H =7.58, df =2), and their ranges were 8-12 d for 
full light, 4 days for the light: dark treatment and 1-1.5 d for the full dark 
treatment. 
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Figure 6.2. Colony sizes of Scenedesmus obliquus during the relaxation time bioassays, expressed as mean particle volumes. 
Algae have been exposed either to herbivore test water (open triangles) or control test water (filled circles). A, full light treatment; 
B, a light-dark regime of 16: 8 h; C, full dark treatment. 
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Limnotron experiment 
Phytoplankton biomass development in the Limnotrons started with a growth 
phase, which did not reveal significant differences in growth between both 
treatments. Regression coefficients of growth rates during the first 5 days were 
significant, but not significantly different (F1,2 =0.93, P =0.4371). Growth rates 
were 0.458 d-1 in the controls (F1,7 =315.51, P <0.0001, r2 =0.978) and 0.395 d-1 
in the herbivore treatments (F1,7 =1115.26, P <0.0001, r2 =0.994). Between day 
7 and day 11 the phytoplankton had reached carrying capacity, and after this 
the phytoplankton concentration started to decline exponentially (Fig. 6.3A).  
The decline phase coincided with decreasing colony sizes in the 
phytoplankton, i.e. relaxation started to occur (Fig. 6.3B). Ln-transformed 
seston volume data during the period of decline had significant regressions for 
both control (F1,7 =24.33, P =0.0017, regression coefficient (RC) =-0.098, r2 
=0.777, continuous line in Fig. 6.3A) and herbivore treatment (F1,6 =39.39, P 
=0.0007, RC =-0.194, r2 =0.868, dashed line in Fig. 6.3A), which were 
significantly different (F1,2 =33.76, P =0.0284). Algal mean particle volume was 
significantly greater in the herbivore treatment from day 3 onwards until the 
end of the experiment (Fig. 6.3B, all P <0.05), except for day 18 (P =0.833), due 
to a missing sample in the herbivore treatment (Fig. 6.3B) 
After a short growth period zooplankton went down from day 5 onwards 
(Fig. 6.3A), it decreased particularly rapid when pH crossed the upper lethal 
limit of pH 10.5 (Mitchell 1992, Fig. 6.4A), and went extinct. Oxygen was 
(super)saturated throughout the experiment but not significantly different 
between both treatments (not shown). At day 10, SRP became almost depleted, 
whereas HCO3 and NO3 were still present (Fig. 6.4B-C). No significant 
differences were found in pH and the dissolved inorganic nutrients HCO3, SRP, 
and NO3 between both treatments (Fig. 6.4B-C), except for NO3 at day 0 (not 
significant due to low no. of replicates).  
Microscopic investigation and 18S rRNA DGGEs showed that the species 
composition remained unialgal throughout the experiment. Also we did not 
observe hyphae, sporangia or zoospores, nor lysis of phytoplankton cells. The 
16S rRNA DGGE analyses revealed that the bacterial community gradually 
became dominated by a single species, both in controls and treatments (DGGEs 
not shown). Therefore, differences in algal growth, sedimentation, or size could 
only be attributed to treatment (herbivore) effects. 
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Figure 6.3. Dynamics of algal biomass and zooplankton densities during the Limnotron experiment. A, algal biovolume in both 
herbivore treatments (open triangles) and controls (filled circles), and abundance of Brachionus calyciflorus in the herbivore 
treatments (grey diamonds). Note the logarithmic scales. Regressions of algal biomass during relaxation periods are given for 
herbivore treatments (dashed lines) and controls (solid lines). B, mean particle volumes (MPV), symbols for herbivore treatments 
and controls as in 3A. 
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Figure 6.4. Dynamics of pH and dissolved nutrients during the Limnotron experiment, in both herbivore treatments (open triangles) 
and controls (filled circles). A, pH; B, Bicarbonate concentration (HCO3); C, Soluble reactive phosphorus (SRP) concentration; D, 
Nitrate (NO3) concentration.  
Chapter 6 
132 
Discussion 
Maintenance costs of defences 
The positive relationship between light dose and the defence relaxation time is 
obvious: MPVs decreased immediately in the dark, whereas they persisted for a 
much longer period in full light. Decrease of S. obliquus colony size in the dark 
and at low light intensities has also been found by Senger & Fleischhacker 
(1978) and Lürling (unpublished data). Disintegration of colonies in the dark 
has also been observed for other Chlorophytes, such as S. acuminatus (Dehning 
and Tilzer 1989) and Chlorella vulgaris (Boraas et al., 1998). 
Active photosynthesis seems to be a prerequisite for colonies to retain 
their morphology (Boraas et al. 1998), as is available carbon (Siver & Trainor 
1981, Wiltshire & Lampert 1999). Also, microscopic investigation of the 
bioassays revealed that cells remained intact during colony disintegration but 
adhered progressively less within the colony matrix, which is indicative of 
degenerative stress (Trainor 1998) and quite different from normal division. 
These observations could be related to the production of an adhesive substance 
to keep the cells glued together (Trainor 1998; Lürling & Van Donk 2000; 
Lürling unpublished data). Carbohydrates go down more rapidly than other 
reserves when colonies are placed in the dark (Dehning & Tilzer 1989) and 
would be a likely candidate for an adhesive substance produced during 
photosynthesis. Because of the possibility to store great quantities of excess 
carbohydrates, such as starch, and the fact that photosynthesis is independent 
of mineral nutrient uptake, maintenance costs of colonies can be considered as 
cheap when available carbon and light are not limiting.  
Relatively low maintenance costs in the „light‰ treatments (full light and 
light: dark cycle) may explain why S. obliquus could afford to maintain its 
colonies in the absence of herbivores, but this does not immediately explain why 
colonies in these treatments eventually disintegrated. Colonies have reduced 
surface to volume ratios, leading to reduced resource uptake rates, such as 
reduced light uptake (Kirk 1994) and reduced nutrient uptake (Smith & Kalff 
1982). At low phytoplankton densities, photosystem II efficiencies (φPSII) and 
growth rates do not differ between unicells and colonies (Lürling & Van Donk 
2000 and references therein). Absence of differences in φPSII might be caused by 
adaptation in pigment composition of colonies (Lürling & Van Donk 2000). The 
same paper, however, revealed significant differences in φPSII through time, 
which were suggested to be caused by increasing algal densities due to growth. 
Initial densities in our experiment were already higher than those applied by 
Lürling & Van Donk (2000), and final densities in the „light‰ treatments were 
approximately 1Û103 mm3, i.e. 2 orders of magnitude higher than the initial 
densities. It may therefore be likely that the effects of self-shading (Kirk, 1994) 
became critical earlier in the light: dark treatment than in the full light 
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treatments. Self-shading may both explain the observed patterns of colony 
disintegration as well as the decrease of MPV in the controls (Fig. 6.2). 
 
Ecological costs of defences 
In our bioassays, there were no other selecting factors than resource (light) 
availability that constrained the occurrence of defended morphs. In natural 
environments, however, defended organisms may experience considerable 
ecological costs of defences. We already discussed reduced resource uptake rates, 
which may not only constrain defence allocation, but also lead to reduced intra- 
or interspecific competitive ability. Although such effects have proven difficult 
to demonstrate (Lürling & Van Donk 2000), the spatial structure of the 
environment may impose other constraints, which can not be found when using 
well-mixed bioassays. 
Sedimentation rates of defended and undefended S. obliquus have been 
found to differ significantly in sedimentation columns (Lürling & Van Donk 
2000), which gives a competitive disadvantage as colonies sink out of the light 
zone more rapidly. Our Limnotron experiment indeed revealed that also under 
more natural conditions, loss rates of defended S. obliquus colonies were 
significantly higher, and biomasses in the water column were significantly 
lower than the controls. We did not observe lysis or infections in the herbivory 
treatments, nor did we find differences in the microbial communities, which 
make differences due to sedimentation the most plausible explanation for these 
observations. Estimated settling velocities were 0.132 m d-1 (controls), resp. 
0.262 m d-1 (herbivory treatments) (Eq. 6.1; system depth = mixing depth = 
1.35m), and reveal that sedimentation was significantly enhanced in the 
herbivory treatments. These observed differences (1.98× enhancement of 
sedimentation rates) compare surprisingly well to the theoretically expected 
settling velocities (Eq. 6.2, vsed ~MPV2/3), which should be 1.95× as high for the 
herbivory treatment (average MPV during relaxation phase =239 øm³) as for 
the controls (MPV =88 øm³). 
Our estimated sedimentation rates are comparable to measurements of 
Lürling & Van Donk (2000) on the same strain of S. obliquus, where 
undefended algae (MPV 107 øm³) settled at 0.069µ0.059 m d-1, and defended 
(MPV 477 øm³) at 0.304µ0.096 m d-1. Moreover, our settling velocities are in the 
range found for other Scenedesmaceae: 0.10µ0.06 m d-1 for S. acutiformis in the 
Canadian lake St. George (Burns & Rosa 1980), 0.02-0.25 m d-1 for 
Scenedesmus-dominated phytoplankton in the Danish lake SŒbygård (Jeppesen 
et al. 1990), 0.27µ0.04 m d-1 for exponentially growing D. quadricauda in 
laboratory cultures (Titman & Kilham 1976). Sometimes, even much higher 
settling velocities rates have been observed for Scenedesmaceae, e.g. 0.89µ0.06 
m d-1 for stationary growing D. quadricauda in the laboratory (Titman & 
Kilham 1976), and 1.1-1.2 m d-1 in the Dutch lake Nieuwe Meer (Visser et al. 
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1996). Even with the relatively small colony sizes in the Limnotron experiment, 
additional loss rates due to colony formation were already 98%. 
Determination of fitness costs may suffer from interpretation problems 
when artificial cues such as simulated damage or purified chemicals are applied 
(Heil 2002). Fitness costs may be impossible to find in the field due to the 
confounding effects of multiple causality. Therefore, the extinction of the 
herbivores in the Limnotron experiment offered an exceptional opportunity to 
demonstrate the costs of the relaxation phase in an ecologically relevant setting. 
In the Limnotron experiments, presence of slowly decaying herbivore-released 
infochemicals may explain why full relaxation was never attained throughout 
the Limnotron experiment, even though a 16h: 8h light-dark cycle was applied 
and algae had reached carrying capacity (Fig. 6.3A), indicating that some 
resources already might have become limiting. MPV of S. obliquus has been 
found to be proportional to the concentration of herbivore infochemicals 
(Lürling 2003; chapter 2). The „chemical footprints‰ left by herbivores may 
cause additional delays in relaxation times, with additional ecological costs, 
which may be very relevant in natural situations with dynamic variation in 
strength of herbivory. 
 
Costs of slowness 
In both experiments we observed delays in response to both presence and 
absence of the herbivore (infochemicals), which were clearly asymmetric 
between induction and relaxation phases. Although relaxation times should be 
as short as possible to minimise costs, literature on the relative timing of 
inducible defences suggests that quick induction and slow relaxation prevail in 
many organisms (Fowler & Lawton 1985; Schultz 1988; Karban & Baldwin 
1997; Hammerstrom et al. 1998; Underwood 1998; Young & Okello 1998; Van 
Buskirk 2002; Stamp 2003), and irreversible defences (Boraas et al. 1998; 
Tollrian & Harvell 1999) may be the extreme case of this pattern. The time 
delays involved in induction and relaxation of defences may cause cyclic 
dynamics (e.g. Haukioja 1980; Edelstein-Keshet & Rausher 1985; Schultz 1988; 
Lundberg et al. 1994; Seldal et al. 1994; Underwood 1999). Similarly, delayed 
life-history effects (DeWitt 1998) may lead to population variability and delayed 
density dependence (Beckerman et al. 2002). In fact, any delayed negative 
feedback may cause destabilisation of population dynamics, depending on the 
lag period and the magnitude of this feedback (May 1981). Therefore, factors 
that constrain these time lags are important in the evolution of inducible 
defences (De Witt et al., 1998; Shudo & Iwasa 2001). 
Slow relaxation may occur because many types of morphological defences 
are not quickly reversible and do not require high maintenance costs, such as 
different shell shapes (Lively et al. 2000) or spines (Young & Okello 1998). 
However, this purely physiological perspective is not satisfactory anymore when 
organisms are also facing high ecological costs of defences. Slow relaxation 
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could only evolve when the sum of all fitness costs involved is still lower 
compared to either being constitutively defended or being undefended. 
For morphologically similar Scenedesmaceae within the size range 44-757 
øm3, a hypothetical increase in size would cause a quicker decrease in grazing 
losses than the simultaneous increase of sedimentation losses (Fig. 6.5). This 
suggests that an increase in size during the defence cycle could be adaptive. 
However, extrapolation of these results to a field situation should be done with 
caution because we never know all the constraints that species are subject to. 
For example, sedimentation rates of phytoplankton strongly depend on the 
nutritional status of the algae (Titman & Kilham 1976), turbulence (Huisman 
et al. 2002) and water temperature, which determines dynamic viscosity (Eq. 
6.2). Also, there are many more abiotic factors that affect colony formation. For 
example, in many species of Scenedesmus, colony formation decreases with 
temperature (Trainor 1998), which suggests that they try to keep their 
sedimentation rates constant. 
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Figure 6.5. Plot of estimated grazing versus sedimentation costs for differentially sized Scenedesmaceae, expressed as daily 
biomass loss rates. Shown are estimates for different Scenedesmus obliquus with mean particle volumes of 44 µm³ (open circle), 
59 µm³ (triangle down), 149 µm³ (square), 252 µm³ (diamond), 319 µm³ (triangle up), 383 µm³ (hexagon), and Desmodesmus 
quadricauda (757 µm³, filled circle). The latter species has a fixed (non-inducible) morphology and could be regarded as a 
constitutively defended species (unpublished data). Note that being defended does not mean that the algae become completely 
inedible. 
Because present herbivory is usually a good predictor of future herbivory, 
slow relaxation may be an adaptive strategy in an unpredictable environment 
(Young & Okello 1998). In natural systems, this may lead to a dynamic 
equilibrium between sedimentation, colony disintegration and herbivory: (a) 
algae are exposed to herbivory and form colonies; (b) colonies settle out of the 
upper part of the water column; (c) at a certain depth, colonies disintegrate 
because the photosynthetic requirements for colony maintenance are not met 
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anymore; (d) when still in the mixing zone, unicells may become resuspended 
and serve as inoculum for subsequent algal growth (Trainor 1998; Lürling & 
Van Donk 2000), and may again be subject to herbivory and sedimentation. 
Although this may suggest that sedimentation due to slow relaxation offers an 
attractive temporary refugium from predation, this option always involves loss 
of algae out of the resource-rich mixing zone and is therefore only attractive 
when frequent resuspension occurs (Ståhl-Delbanco & Hansson 2002) and/or for 
motile algae (Hansson 1996; Rengefors et al. 1998). However, such 
sedimentation losses due to slow relaxation may still be acceptable compared to 
the irreversible fitness consequences of herbivory. 
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Abstract 
Resource edibility is a crucial factor in ecological theory on 
the relative importance of bottom-up and top-down control. 
Current theory explains trophic structure in terms of the 
relative abundance and succession of edible and inedible 
species across gradients of primary productivity. We argue 
that this explanation is incomplete owing to its focus on 
inedibility and the assumption that plants and herbivores 
have fixed defence levels. Consumer-induced defenses are an 
important source of variation in the vulnerability of prey and 
are prevalent in natural communities. Such induced 
defenses decrease per capita consumption rates of consumers 
but hardly ever result in complete inedibility. When defenses 
are inducible a prey population may consist of both 
undefended and defended individuals. Here we use food 
chain models with realistic parameter values to show that 
variation in consumption rates on different prey types causes 
a gradual instead of stepwise increase in the biomass of all 
trophic levels in response to enrichment. Such all-level 
responses have been observed in both aquatic and terrestrial 
ecosystems and in microbial food chains in the laboratory. 
We stress that, in addition to the known food web effects of 
interspecific variation in edibility, intraspecific variation in 
edibility is another form of within-trophic-level heterogeneity 
that also has such effects. We conclude that inducible 
defenses increase the relative importance of bottom-up 
control. 
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Introduction 
Understanding the structure of complex natural food webs remains a major 
task in ecology. Debates on trophic structure have revolved around simple food 
chain models that predict the distribution of biomass over trophic levels in 
response to enrichment. The basic model was conceived by Rosenzweig & 
MacArthur (1963) and further formalized, developed, and analyzed by 
Rosenzweig (1971, 1973), Oksanen et al. (1981), Abrams (1993), Kretzschmar et 
al. (1993), Abrams & Roth (1994), and Oksanen & Oksanen (2000). The 
predictions of the Oksanen et al. (1981) model have become well known as the 
hypothesis of exploitation ecosystems (EEH) and involve a stepwise increase in 
the biomass of trophic levels under enrichment (Oksanen et al. 1981, Leibold 
1989, Oksanen & Oksanen 2000). For bitrophic systems in stable equilibrium 
this model predicts that plant biomass is exclusively controlled by herbivores 
and will not respond to enrichment. Similarly, equilibrium herbivore biomass is 
exclusively controlled by carnivores in tritrophic systems and should not 
respond to increases in primary productivity. This last prediction was 
supported by an experimental study within a natural river (Wootton & Power 
1993).  
However, a number of field studies in both aquatic and terrestrial 
systems did not support EEH predictions. Plant biomass has been shown to 
increase with productivity, irrespective of the number of trophic levels 
(Hansson 1992, Brett & Goldman 1997, Chase et al. 2000, Oksanen & Oksanen 
2000: Fig. 3). Biomasses of plants and herbivores have been shown to increase 
in concert in response to elevated nutrient levels (Akcakaya et al. 1995, Leibold 
1996, Brett & Goldman 1997) and annual precipitation, a good measure of 
resource supply rate in terrestrial systems (Rosenzweig 1968, Milchunas & 
Lauenroth 1993, Chase et al. 2000). Even a laboratory study of bitrophic and 
tritrophic microbial food chains, which was designed to minimize confounding 
factors such as omnivory or the presence of inedible species, showed that 
productivity increased the abundances of all trophic levels (Kaunzinger & 
Morin 1998). Such discrepancies between EEH predictions and the outcome of 
both laboratory and field studies requires the identification of ecological factors 
not present in the Oksanen et al. (1981) model that govern trophic-level 
biomass responses in nature. Variation in the edibility of different plant species 
may be a good starting point, as theory predicts such heterogeneity to have 
important community-level consequences (Leibold 1989, Power 1992, Grover 
1995, Leibold et al. 1997, Oksanen & Oksanen 2000, Agrawal 2001, Steiner 
2001) and to change biomass responses to enrichment (Leibold 1989, Abrams 
1993, Leibold 1996).  
Inducible defenses constitute another important source of heterogeneity 
in edibility in natural communities. Their effect on trophic structure has hardly 
been studied. This is surprising, as inducible defenses have been documented 
for a wide variety of species in many different ecosystems. In terrestrial plants 
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they involve herbivore-induced production of spines (Gowda 1996), thorns 
(Gomez & Zamora 2002), toxins, and synomones (Karban & Baldwin 1997). In 
aquatic systems, herbivores may induce colony formation in freshwater algae 
(Hessen & Van Donk 1993, Lampert et al. 1994, Van Donk et al. 1999) and 
marine algae (Tang 2003). Most induced defenses will affect handling times 
and/or attack rates of consumers and thus their functional responses (Jeschke 
& Tollrian 2000). Inducible defenses in animals include refuge use, reduced 
activity, adaptive life history changes, and the formation of helmets or spines. 
They occur in freshwater zooplankton (protozoa, rotifers, cladocera; Havel 1987, 
De Meester et al. 1999, Gilbert 1999, Kuhlmann et al. 1999, Tollrian & Dodson 
1999, Vos et al. 2002), snails (Turner et al. 2000), insects (Dahl and Peckarsky 
2002), amphibia (Anholt & Werner 1999), fish (Brönmark et al. 1999), marine 
colonial invertebrates (bryozoa and gorgonacea, Harvell 1999) and barnacles 
(Lively 1999). 
The goal of this paper is to investigate how inducible defenses affect the 
distribution of biomass over trophic levels when the system is enriched. We 
focus on three aspects of inducible defenses that have been shown to be 
important in a variety of empirical studies, but that have not been investigated 
in concert in theoretical studies: (1) The induction of defenses depends on 
consumer density (e.g., Anholt & Werner 1999, Kuhlmann et al. 1999, Van 
Donk et al. 1999), (2) both undefended prey and prey with induced defenses 
may be present at a given moment, over a range of consumer densities (Hessen 
& Van Donk 1993, Lampert et al. 1994), and (3) defended prey are not 
invulnerable (Jeschke & Tollrian 2000). 
In the current paper we incorporate these aspects into a classical food 
chain model (Oksanen et al. 1981, also see Kretzschmar et al. 1993). We study 
this model analytically and parameterize it for a well-studied system to 
investigate the effects of inducible defenses in an ecologically relevant domain. 
This provides results that are amenable to empirical testing. 
In this respect a planktonic food chain consisting of algae, herbivorous 
rotifers, and carnivorous rotifers is a good model system. For example, strains 
of Scenedesmus spp. algae differ in edibility to Brachionus spp. rotifers, owing 
to inducible colony formation (Lürling 1999). Different Brachionus spp. rotifers 
vary in edibility to consumers like Asplanchna spp. rotifers, owing to inducible 
spine formation and size differences (Gilbert 1999). Colonies and spines 
effectively lower the maximum ingestion rates achieved by gape-limited 
consumers. Of the above-mentioned organisms, different strains or species exist 
that (1) always have the undefended phenotype, (2) have inducible defenses, or 
(3) are permanently defended.  
Inducible defenses cause intraspecific heterogeneity in both the plant 
(Hessen & Van Donk 1993, Lampert et al. 1994) and the herbivore population 
(Gilbert 1967). Using models of bitrophic and tritrophic food chains, we 
specifically address the following question: Does an increase in primary 
productivity cause gradual biomass increases of adjacent trophic levels, when 
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inducible defenses are incorporated in the classical Oksanen et al. (1981) food 
chain model? 
 
Methods 
Model structure 
We use a classical food chain model (Oksanen et al. (1981), with a slight 
modification to include nonherbivory mortality in the plants, as the basis for 
the three scenarios where defenses are absent, permanent, or inducible. Our 
standard food chain model is defined by 
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where subscripts i and j equal 1 in the undefended state and 2 in the defended 
state, t is time, ri intrinsic growth rate, and k the carrying capacity of plants (a 
measure for primary productivity), s the death rate (with subscripts i and j 
denoting the ÂÂstate of defenceÊÊ and 1, 2, or 3 the trophic level), ci1 the efficiency 
of plant conversion into herbivore biomass, and c2 the herbivore conversion 
efficiency. The trophic interaction parameters are: vi1, herbivore search rate; vj2, 
carnivore search rate; hi1, herbivore handling time; and hj2, carnivore handling 
time. These parameters may be different for defended and undefended prey, but 
are independent of the defence level of their consumers. All consumption rates 
follow Holling type II functional responses. Herbivores have longer handling 
times (h21) on defended plants (h21 > h11). This decreases their maximum 
ingestion rate (1/h21 < 1/h11). Attack rates may be decreased on defended plants. 
The same holds for carnivores feeding on herbivores. By definition, a food chain 
without defenses is composed of only P1, H1, and C, while only P2, H2, and C 
exist in a food chain with permanent defenses. Our analysis focuses on three 
scenarios: no defenses, permanent defenses, and inducible defenses, in both 
plants and herbivores. This choice provides a clear contrast and demarcation, 
but ignores the possible permutations of these scenarios. 
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We incorporate inducible defenses in the above system by allowing both 
an undefended and a defended part in each prey population. Induction and 
decay of defenses cause consumer density-dependent flows between these parts. 
Induction is minimal at low consumer densities and maximal at high consumer 
densities. The reverse is true for the decay of defenses. The following set of 
differential equations defines the rates of change of undefended and defended 
plants, undefended and defended herbivores, and carnivores: 
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with herbivores and carnivores consuming two resource types. The model 
formulation used here is slightly modified after Kretzschmar et al. (1993). The 
induction rate of defenses, I, and the decay rate of defenses, D, are functions of 
the total consumer density. Note that induction is a process that subtracts from 
the undefended part of the resource population and adds to the defended part. 
Decay of defenses takes away from the defended part of a prey population and 
adds to the undefended part. Induction and decay rates are 
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where g1 is the density of herbivores at which plant defence induction reaches 
half its maximum rate and b1 a shape parameter of the plant defence induction 
and decay functions. These parameters are g2 and b2 for herbivore defenses, 
with half-saturation parameter g2 now denoting carnivore density. This system 
(Eqs. 7.3a–d) ensures that eventually all plants and/or herbivores become 
undefended when their consumers are absent. In their presence, a balance of 
induction and decay will be approached at a rate that depends on parameter i. 
Summation of Eqs. 7.2a and b shows that total plant biomass does not change 
due to the induction process. This also holds for total herbivore biomass. 
The bitrophic system is obtained by using only Eqs. 7.2a–c for P1, P2, and 
H1, and setting C and H2 in these equations to zero. State variables are further 
explained in Table 7.1. 
 
Table 7.1. List of state variables used in the model, their units, and interpretation. 
Variable Unit Interpretation 
P1 mg C /L undefended plants (algae) 
P2 mg C /L defended plants (algae) 
H1 mg C /L undefended herbivores (zooplankton) 
H2 mg C /L defended herbivores (zooplankton) 
C mg C /L carnivores (zooplankton) 
 
Model parameterization 
For those results that depend on numerical analysis we parameterized the 
model using values from the literature and our own experimental data (chapter 
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4). All parameters and literature sources are listed in Table 7.2. In this 
planktonic model system no costs of inducible defenses in terms of reduced 
growth rates can be detected (Gilbert 1999, Lürling & Van Donk 2000). 
However, colony formation in algae leads to increased sedimentation rates, 
which we incorporated as an increased mortality rate s21. Note that the default 
set of parameter values in Table 7.2 has defenses increasing handling times, 
thus decreasing maximum ingestion rates, without an effect on attack rates. 
However, in many systems defenses will reduce attack rates and this possibility 
is included in the sensitivity analysis. Theory predicts trade-offs to be 
important in systems with inducible defenses and therefore we also include 
alternative trade-off scenarios in the sensitivity analysis. 
 
Table 7.2. Definitions of model variables and parameters, and their default numerical values. Numbers refer to the sources on 
which the parameter estimates were based (references are at the bottom of the table). 
Parameter Value Source Unit Interpretation 
b1 2.05 1,2,3 - shape of plant defence functions (induction/decay) 
b2 1.5 2,4,5 - shape of herbivore defence functions (induction/decay) 
c11 0.36 6 mg C / mg C conversion efficiency undefended plant-herbivore 
c21 0.36 6 mg C / mg C conversion efficiency defended plant-herbivore 
C2 0.5 7 mg C / mg C conversion efficiency herbivore-carnivore 
G1 0.06 1,2,3 mg C / L half saturation value induction/decay plant defenses 
G2 0.020 2,4,5 mg C / L half saturation value induction/decay herbivore defenses 
I1 1.0  d-1 scaling parameter induction/decay rate plant defenses 
I2 1.0  d-1 scaling parameter induction/decay rate herbivore defenses 
K Free  mg C / L carrying capacity for defended and undefended plants 
R1 1.42 8 d-1 intrinsic rate of increase undefended plants 
R2 1.42 8 d-1 intrinsic rate of increase defended plants 
s11 0.145 9 d-1 natural death rate undefended plants (sedimentation) 
s21 0.18 9 d-1 natural death rate defended plants (sedimentation) 
s12 0.17 10 d-1 natural death rate undefended herbivores 
s22 0.17 10 d-1 natural death rate defended herbivores 
s3 0.125 5 d-1 natural death rate consumers 
h11 0.5 11 d × mg C × mg C-1 handling time of herbivores on undefended plants 
h21 1.04 11 d × mg C × mg C-1 handling time of herbivores on defended plants 
h12 0.83 7,12,13 d × mg C × mg C-1 handling time of consumers on undefended herbivores 
h22 3.33 7,12,13 d × mg C × mg C-1 handling time of consumers on defended herbivores 
v11 0.77 11 L × d-1 × mg C-1 herbivore search rate on undefended plants 
v21 0.77 11 L × d-1 × mg C-1 herbivore search rate on defended plants 
v12 2.71 12,13 L × d-1 × mg C-1 carnivore search rate on undefended herbivores 
v22 2.71 12,13 L × d-1 × mg C-1 carnivore search rate on defended herbivores 
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Sources: 1, Lürling (1999); 2, Dumont et al. (1975); 3, JŒrgensen et al. (1991); 4, Gilbert & Waage (1967); 5, Gilbert (1976); 6, 
Walz (1993); 7, Nandini & Sarma (1999); 8, Lürling & Van Donk (2000); 9, Laroque et al. (1996); 10, Stemberger (1990); 11, 
A.M. Verschoor (chapter 4); 12, Iyer & Rao (1996); 13, Gilbert (1967). Note: The Methods section explains the sensitivity analysis. 
Model analysis 
We started by obtaining analytical results on trophic level abundances for the 
different defence scenarios, depending on the carrying capacity k. Since the 
discrepancy between EEH predictions and actual data centres around the plant 
level in bitrophic systems and the herbivore level in tritrophic systems, these 
were our focal levels. The analytical results are general and not concerned with 
any particular system. 
The next step was a numerical analysis of a planktonic model system, 
where Eqs. 7.1 and 7.2 represented algae and rotifers. We obtained biomass 
distributions over trophic levels in bitrophic and tritrophic food chains, for a 
range of carrying capacities (k). This range allows one, two, or three trophic 
levels to exist, and includes both stable equilibria and oscillatory periodic 
behaviour. We concluded this analysis by checking the sensitivity of biomass 
responses in the bitrophic inducible defence scenario to changes in some of the 
assumptions, model components, and parameter values used. This sensitivity 
analysis widens the scope of the numerical analysis, providing a link between 
general analytical results and specific results for the planktonic example. We 
investigated the sensitivity of the model to the following changes: (1) changing 
the herbivoresÊ response to plant defence from purely an effect on handling 
times (h21) to an effect on attack rates (v21) as well; (2) allowing plant defenses 
to reduce herbivore attack rates (v21) without an increase in handling times 
(h21); (3) allowing quantitatively weaker and stronger effects on handling times 
(h21) than estimated for this model system; (4) using a linear instead of Holling 
type II herbivore functional response (h11 = h21 = 0), with defenses causing 
decreased attack rates (v21); (5) allowing plant defenses to decrease the 
conversion efficiency (c21) to herbivore biomass; (6) incorporating induced plants 
as inedible (v21 = 0); (7) including no cost for plant defenses (s11 = s21); (8) 
including plant defence costs as a reduced intrinsic growth rate r2 for induced 
plants instead of an increased mortality rate; (9) simultaneously increasing or 
decreasing the values of the defence induction and decay parameters b1 and g1; 
and (10) evaluating the results for a range of the defence induction and decay 
parameter i1. All increases and decreases amounted to 5–30% of the estimated 
parameter values (see Table 7.2), and were implemented in steps of 5%. 
In addition we compared the bitrophic inducible defence scenario with a 
bitrophic scenario that has two species at the plant level. These plant species 
have different but fixed defence levels. In this multiprey model the defence 
induction and decay terms of Eqs. 7.2a, b are lacking. We will refer to these 
models as, respectively, the intraspecific heterogeneity model (with inducible 
defenses), and the interspecific heterogeneity model (with fixed, but different 
defenses). In this comparison we focus on cases where v21 < v11. We allow h21 to 
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be ≥h11 and defended plants may be inedible (v21 = 0). The comparison is made 
for a productivity gradient that allows an equilibrium of plants and herbivores 
in both the intraspecific and interspecific heterogeneity model and allows an 
increase in the fraction of defended plants in the inducible defence model (k = 
0.95–1.25 mg C/L, see Numerical results). This analysis facilitates a comparison 
with earlier work (Abrams 1993, Kretzschmar et al. 1993, Grover 1995, Leibold 
1996, Bohannan & Lenski 1999). 
 
 
Fig. 7.1. Equilibria of the bitrophic food chain model when plant defenses are absent (Un, dotted lines), permanent (Pe, dashed 
lines) or inducible (In, solid lines) along a productivity gradient. The average biomass of herbivores (top) and plants (bottom). 
Parameter values are listed in Table 7.2. 
Results 
Analytical results 
Biomass accrues in the classical stepwise fashion in the bitrophic food chain 
scenario without plant defenses (e.g., Fig. 7.1). At very low carrying capacities 
only plants exist. From Eq. 7.1a it follows that the equilibrium value *1P  
increases linearly with increases in k: 
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At a higher level of primary productivity a point will be reached that 
allows herbivores to exist. The carrying capacity ktc at this transcritical 
bifurcation point can be derived by allowing the hump-shaped plant isocline to 
intersect the vertical herbivore isocline at H = 0: 
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Above this carrying capacity ktc the equilibrium plant biomass 
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which is independent of the carrying capacity k, as predicted by EEH theory. 
Equilibrium herbivore biomass increases with further increases in productivity: 
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as the first factor on the right-hand side of (7.7) is positive and the second factor 
an increasing function of k that is positive above ktc. Under further enrichment 
the system will remain stable until the Hopf bifurcation is crossed at the 
carrying capacity kHopf: 
( ) 






+
−






−
=
11111112111
12
111
1
Hopf
12
hvhscv
s
sr
r
k      (7.8) 
(also see Rosenzweig 1971, Fussmann et al. 2000).  
In the case of permanent plant defenses, herbivores require a higher 
carrying capacity to invade when plants are defended. In the food chain 
scenario with inducible defenses, herbivores are also not able to exist at a low 
carrying capacity. In the absence of herbivores, plant defenses are not induced 
and the results are equal to the undefended scenario (Eq. 7.4, also see the 
example in Fig. 7.1). At carrying capacities above ktc induction will cause a 
certain fraction, x = P2/(P1 + P2), of the plant population to be in the defended 
state. Setting the right side of Eq. 7.2c (bitrophic case) to zero shows that at 
equilibrium total plant biomass Ptot(x) (being P1 + P2), must fulfil the following 
relationship: 
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where we have assumed c1 = c11 = c21. Eq. 7.9 shows that an increase in the 
fraction of defended plants x will cause the entire plant level to increase for 
s12(v21h21 - v11h11) > c1(v21 - v11). When defenses increase handling times and 
Inducible defenses and trophic structure 
153 
thus maximum ingestion rates, but do not affect attack rates (h21>h11, v21 = v11), 
Eq. 7.9 reduces to 
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In this case any increase in the fraction of defended plants x will decrease the 
denominator at the right side of Eq. 7.10, leading to an increase in the total 
plant biomass. It is possible to demonstrate analytically for the case v21 = v11, 
and r21= r11,, at least, that the equilibrium point, Ptot, for the bitrophic inducible 
defence case is an increasing function of plant carrying capacity. To show this 
we return to Eqs. 7.2a,b,c, setting H1 = H, H2 = 0, and C = 0. By combining Eqs. 
7.2a,b we find a relationship between H and x in equilibrium 
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By combining Eqs. 7.2a,b,and c we find an expression for the carrying capacity 
k, necessary to keep the system at a given equilibrium of x: 
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where r = r1 = r2. By entering a range of values for x* in Eq. 7.12 one obtains a 
view of the range of carrying capacities for which the fraction of defended plants 
increases. In order to prove a positive relation between Ptot and k we have 
rewritten Eq. 7.12 as an equation for Ptot and obtain a function of x and k, now 
called Ptot 2(x, k) to distinguish it from Ptot 1(x): 
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Hence, we have three relationships between Ptot, x and H, namely, Eqs. 7.10, 
7.11, and 7.13, and the equilibrium values Ptot*, x* and H* satisfy all three 
relationships simultaneously. When H(x) given by Eq. 7.11 is substituted into 
Eq. 7.13, only two relationships Eq. 7.10 and Eq. 7.13 remain for Ptot*and x*. 
The equilibrium value Ptot* is given by the intersection between )(1tot  xP  of Eq. 
7.10 and ),(2tot  kxP of Eq. 7.13 where k is the free parameter.  
The positive and negative roots or branches of Eq. 7.13 form a hump-
shaped curve when plotted together in the (x, Ptot)-plane (Fig. 7.2). For a higher 
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value of k this hump-shaped curve completely encompasses the hump-shaped 
curve for a lower value of k, for all permissible values of x.  
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Fig. 7.2. Total plant biomass Ptot 1 , as an increasing function of x (see Eq. 7.10), and a family of independently derived curves for 
Ptot 2 as a function of x and k (see Eq. 7.13), plotted for different values of the carrying capacity, k. The intersection point of these 
curves defines total equilibrium plant biomass. This intersection point occurs at higher values of Ptot as the carrying capacity k 
increases. A sufficient increase in k causes a shift from the curve Ptot 2(x, k = 1.1) to Ptot 2(x, k = 1.3) and a shift of the 
equilibrium, namely, where these curves intersect with Ptot 1(x). 
Thus the positive branches, P +tot 2 (x, k), of Eq. 7.13 for higher k values 
always lie above those for lower k values for the entire permissible range of x, (0 
≤ x < xsup< 1), where xsup is the supremum value of x that occurs for k > 0. 
Analogously, the negative branches, P -tot 2 (x, k), for higher k values have to lie 
below those for lower k values for all permissible values of x. Mathematically 
this means that for the positive branch the partial derivative with respect to k 
is positive, for all x, while it is negative for the negative branch, as 
demonstrated in the Appendix. These results and the fact that Ptot 1(x) is an 
increasing function of x ensure that the intersection between Ptot 1(x) and  
Ptot 2(x, k) occurs for a higher value of Ptot when the carrying capacity k is 
increased, both for the positive and negative branches of Ptot2(x, k). This means 
that, under our assumptions, inducible defenses will cause the plant level to 
increase with an increase in productivity. This is in contrast with the classical 
EEH prediction that plant biomass in a bitrophic system remains constant 
under enrichment.  
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Fig. 7.3. Biomass responses of a tritrophic food chain when defenses are absent (Un, dotted lines), permanent (Pe, dashed lines), 
or inducible (In, solid lines), along a productivity gradient. From top to bottom: the average biomass of carnivores C, herbivores H1 
+ H2, the fraction of defended herbivores y = H2/(H1 + H2), average plant biomass P, and the fraction of defended plants x = 
P2/(P1 + P2). Parameter values are listed in Table 7.2. Population densities oscillate at high values of the carrying capacity k. 
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We now move on to the tritrophic system with inducible defenses. The 
analytical results for the herbivore level in this case are similar to those for the 
plant level in the bitrophic case. Total herbivore biomass Htot (being H1 + H2) at 
equilibrium must fulfil the following relationship: 
( ) ( )yhvhvshvsyvcvcvc
s
H
12122222312123122222122
3
tot −−−−+
=   (7.14) 
Now y = H2/(H1 + H2) denotes the fraction of defended herbivores. The line of 
reasoning is similar to the bitrophic case. At a certain carrying capacity three 
trophic levels can exist. Carnivores will increase under further enrichment (see 
for example Fig. 7.3, top panel), causing the fraction of defended herbivores, y, 
to increase (Fig. 7.3, middle panel). From Eq. 7.14 it follows that an increase in 
y will cause the entire equilibrium herbivore level to increase when s3(v22h22 - 
v12h12) > c2(v22 - v12). If we assume that v12 = v22, this inequality simplifies to s3(h22 - 
h12) > 0, which is true when h22 > h12. This implies that the equilibrium herbivore 
level increases, under enrichment in a tritrophic system, when induced 
defenses increase handling times. 
 
Numerical results 
When considering the planktonic model system, algae will be referred to as 
plants, herbivorous rotifers as herbivores, and predatory rotifers as carnivores.  
In a bitrophic system the plant level increases gradually when plant 
defenses are inducible (Fig. 7.1, bottom panel). This gradual increase occurs for 
the productivity range in which the fraction of defended plants increases from 0 
to almost 1 (Fig. 7.4, bottom panel). When almost all plants have induced 
defenses, biomass responses follow EEH predictions, as in the scenarios with no 
and permanent defenses (Fig. 7.1). The productivity range for which both 
defended and undefended plants are present widens as the half-saturation 
value of defence induction g1 (see Eqs. 7.3a,b) increases (Fig. 7.4, bottom panel), 
and for the fraction of defended plants where the carrying capacity is very large 
(k → ∞) we have xsup = 0.997, 0.9724, 0.7525 for g1 = 0.06, 0.54, 1.62, respectively. 
Within this productivity range total plant biomass increases gradually (Fig. 7.4, 
middle panel). 
Equilibrium herbivore biomass increases with enrichment in all bitrophic 
defence scenarios (Fig. 7.1, top panel). A seemingly counterintuitive result is 
that herbivores can attain a higher abundance in the permanent and inducible 
defence scenarios than in the no-defence scenario, at higher values of the 
carrying capacity (Fig. 7.1, top panel). This result directly follows from Eq. 7.7, 
for k→∞. Equilibrium herbivore biomass is higher in the scenario with defended 
plants than in the scenario with undefended plants, i.e., limk→∞` H* in the 
defence scenario is greater than lim k→∞ H* in the no-defence scenario for  
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where P*1 from Eq. 7.6, and analogously P*2 have been substituted into Eq. 7.7. 
This inequality holds for the planktonic model system under study (see Table 
7.2).  
 
Fig. 7.4. Effects of inducible defenses on plant-herbivore biomass responses to enrichment. Population densities of herbivores (top), 
plants (middle) and the fraction of defended plants (bottom), x = P2/(P1+P2) are shown for different values of g1, the consumer 
density at which half the maximum defence induction rate is reached. The default value of g1 is 0.06. A0 marks a range of low 
carrying capacities where only plants are sustained. The area beneath A1 marks carrying capacities that allow a stable equilibrium 
of plants and herbivores. 
In the tritrophic food chain that has inducible defenses in both plants and 
herbivores, all trophic levels increase gradually in response to enrichment (Fig. 
7.3). In contrast, equilibrium herbivore biomass remains constant in the no-
defence and permanent defence scenarios, thus following EEH predictions (Fig. 
7.3). At the highest levels of primary productivity shown in Fig. 7.3, population 
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densities fluctuate in all three defence scenarios. Within this productivity range 
average carnivore density may decrease under enrichment in the scenario with 
permanent defenses (Fig. 7.3, top), as previously noted by Abrams & Roth 
(1994). 
The fraction of defended herbivores increases along the entire 
productivity gradient for which the tritrophic system is stable. It is interesting 
to note that not all plants become defended in the tritrophic food chain. Plants 
have the same low value of g1 as in the bitrophic scenario, where almost all 
plants became defended within a narrow productivity gradient. The difference 
is caused by carnivores that have a sufficient top-down effect on herbivores to 
prevent a full induction of plant defenses. A comparison of the bitrophic and 
tritrophic results in Figs. 7.1 and 7.3 shows that inducible defenses do not 
completely neutralize top-down effects in this model system. There is still a 
trophic cascade, although the direct effect of the carnivore on herbivore density 
is much stronger than the indirect effect on plant density. 
 
Sensitivity analysis 
The range of primary productivities that allows both plants and herbivores to 
increase in biomass is governed by the dependence of defence induction on 
herbivore density (see Fig. 7.4, where g1 is increased). This range widens when 
the defence level of induced plants is increased quantitatively. Defence levels 
were changed in three ways, by increasing handling times, reducing attack 
rates, and decreasing the conversion efficiency from plants to herbivores. In all 
these cases an increase in the quantitative level of defenses causes a larger 
increase in plant biomass in response to enrichment, for a wider range of 
productivities. 
The sensitivity analysis further shows that qualitatively different types of 
induced defenses, that affect either attack rates, or handling times or 
conversion efficiencies, have the same effect on biomass responses of plants and 
herbivores. In all these cases inducible defenses allow an increase in 
productivity to increase the biomass of adjacent trophic levels. This result is 
obtained both when defended plants are edible but more difficult to handle, and 
when they are completely inedible. Induced colonies, spines, or thorns may have 
either of these effects, depending on herbivore size. Our results are robust to 
different ways of incorporating trade-offs: productivity increases the biomass of 
adjacent trophic levels when there are either reduced growth rates or increased 
mortality rates, or no costs at all to producing a defence. The behaviour of the 
system is insensitive to changes in the value of induction and decay parameter 
i1, as long as this value is high relative to (s21–s11). This ensures that almost all 
plants can be in the defended state at high herbivore densities. 
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Comparison of heterogeneous bitrophic scenarios with and without inducible 
defenses 
Plant and herbivore biomass both increased under enrichment in the 
intraspecific heterogeneity scenarios with inducible defenses, where v21 < v11. 
This occurred when h21 > h11, when h21 = h11, and when h21 = h11 = 0. In these 
cases, defended plant biomass increased more strongly with enrichment than 
undefended plant biomass decreased. When defended plants are inedible (v21 = 
0) undefended plant biomass remained constant, while densities of defended 
plants and herbivores increased. 
Results were more variable in the interspecific heterogeneity scenarios 
with two plant species. When the herbivore had a linear functional response 
(v21 < v11, h21 = h11 = 0), undefended plants decreased, defended plants 
increased, and herbivore biomass remained unchanged. This case is similar to 
the one in Leibold (1996; Fig. 7). These biomass responses also occurred when 
the herbivore had a Holling type II functional response and identical handling 
times on defended and undefended plants (v21 < v11 and h21 = h11). However, 
when handling times were larger on defended plants (v21 < v11 and h21 > h11), 
undefended plants decreased, while defended plants, herbivores, and total plant 
biomass increased. In the special case where defended plants were inedible (v21 
= 0), only defended plant biomass increased, with undefended plants and 
herbivores remaining unaffected. These results for (v21 = 0) are similar to those 
in Phillips (1974), Leibold (1996), and Bohannan & Lenski (1999). Kretzschmar 
et al. (1993) obtained a different result for this case, due to a simplifying 
assumption (see Discussion). 
 
Discussion 
Current theory on trophic structure recognizes the importance of resource 
edibility in determining the relative magnitude of bottom-up and top-down 
control. Much work has focused on the effects of inedible species and has 
assumed that defenses are a fixed trait. However, in natural food webs many 
plant and herbivore species have inducible defenses. Such defenses are flexible, 
respond to consumer densities, and cause intraspecific heterogeneity. Both 
defended and undefended individuals may be present at a certain density of 
resources and consumers. 
Here we show that such intraspecific heterogeneity causes a gradual 
increase in the biomass of all trophic levels under enrichment. This pattern is 
in agreement with data from a variety of laboratory and field studies and in 
contrast with predictions of the classical Oksanen et al. (1981) model, which 
assumes complete topdown control of plants in bitrophic systems and of 
herbivores in tritrophic systems. 
The mechanism that allows inducible defenses to increase the relative 
importance of bottom-up control is explained mathematically in the Results 
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section and illustrated in ecological terms in the following bitrophic scenario. 
An increase in the primary productivity of plants necessarily causes an increase 
in the herbivore level (given that all plants are edible to some extent). This 
increase in herbivore density will cause defenses to be induced and part of the 
plant level to be in the defended state. This decreases plant edibility, lowers the 
per capita assimilation rate by herbivores, and results in an increase of total 
plant biomass. Thus both trophic levels increase under enrichment. This can be 
seen by considering the herbivore at equilibrium: here the herbivoreÊs mortality 
balances its growth, which is simply its per capita assimilation rate of plants 
multiplied by plant density. Since the herbivoreÊs mortality rate is a constant, 
any decrease in the per capita assimilation rate of the herbivore has to be 
compensated by a higher plant biomass at equilibrium. This increase in the 
entire plant level occurs as long as the fraction of defended plants increases 
with herbivore density under enrichment (Eqs. 7.9, 7.10). The range of carrying 
capacities for which this condition holds depends on the herbivore density g1 at 
which plant defence induction reaches half its maximum rate. For large values 
of g1 the fraction of defended plants increases for a wide range of carrying 
capacities, as illustrated in Fig. 7.4. How natural selection will act on g1 will 
depend on the costs and benefits of induced defenses. We expect larger values of 
g1 in systems where the costs of induced defenses are relatively high. 
 
Interspecific vs. intraspecific heterogeneity 
A bitrophic food chain with homogeneous trophic levels and fixed (permanent) 
defenses contrasts with the above scenario in that the plant level does not 
change under enrichment. Since inducible defenses (intraspecific heterogeneity) 
and the presence of different species (intraspecific heterogeneity) both have 
within trophic-level heterogeneity as a result, a comparison of the two is 
warranted.  
Abrams (1993) showed that trophic level responses may differ from the 
Oksanen et al. (1981) predictions when different species or types are present 
within one or more trophic levels. Part of these alternative responses was due to 
the fact that the analyses allowed differential inputs to the growth of different 
resource species. This is not the case in the present study, where the different 
intraspecific plant types, one with induced defenses and the other undefended, 
are always enriched by the same factor. 
The interspecific heterogeneity model produces two qualitatively different 
trophic biomass responses to enrichment, (1) equilibrium densities of both 
plants and herbivores increase gradually, and (2) equilibrium densities of 
plants increase while herbivores remain unchanged. The first pattern occurs 
when herbivores have a Holling type II functional response and (0 < v21 < v11 
and h21 > h11). The second pattern occurs when (a) (0 < v21 < v11 and h21 = h11 ≥ 
0), and (b) (v21 = 0). The latter case (2b) has been discussed in Phillips (1974), 
Grover (1994), Leibold (1996), and Bohannan & Lenski (1999). Kretzschmar et 
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al. (1993) also considered this case without a direct interaction between 
herbivores and inedible plants. These authors derived the result that 
undefended plant density does not change, while defended plants increase and 
herbivores increase (Kretzschmar et al. 1993:54). This result for herbivores is 
peculiar and probably results from their simplifying assumption that the edible 
plant has no effect (whatsoever) on the inedible plantÊs growth. Without this 
unrealistic simplification the Kretzschmar et al. (1993) model produces the 
result mentioned above as case (2b). 
Predictions of the inducible defence model (with intraspecific 
heterogeneity) are robust to any of the above changes (1, 2a,b): Equilibrium 
plant and herbivore biomass are both predicted to increase in response to 
increased primary productivity. This increase in adjacent trophic levels is 
contingent on an increase in the fraction of defended plants along the 
productivity gradient, as explained above. The predictions made by the 
inducible defence model are in agreement with several studies that have shown 
the biomass of adjacent trophic levels to increase with primary productivity 
(Akcakaya et al. 1995, Leibold 1996, Brett & Goldman 1997, Kaunzinger & 
Morin 1998). This pattern may also occur in the case of interspecific 
heterogeneity (scenario 1), but this multispecies model predicted the herbivore 
level to remain constant in scenarios (2a and 2b), which is not consistent with 
the above empirical data. 
 
Analytical and numerical results 
The analytical results (see Eqs. 7.9–7.13) on biomass responses in a bitrophic 
system are general, but depend on the assumption that inducible defenses only 
affect handling times. The numerical work and sensitivity analysis show that 
the same results may apply when inducible defenses affect attack rates or 
conversion efficiencies. Numerical results for bitrophic and tritrophic systems 
indicate that inducible defenses cause the biomass of all trophic levels to 
gradually increase in response to enrichment. This result was obtained when 
defence induction resulted in intraspecific heterogeneity of the prey level. Such 
heterogeneity occurs for a wider range of productivities when defenses have a 
strong quantitative effect and when induction saturates at higher consumer 
densities. 
 
Toward a multicausal explanation of trophic structure 
We do not claim that inducible defenses are the only possible explanation for 
increases in the biomass of adjacent trophic levels, as even simple patterns are 
likely to have multiple causes in ecology. Future studies may attempt an 
integrated explanation of biomass responses and show the relative importance 
of different ecological factors like ontogenetic niche shifts (Mittelbach et al. 
1988), changes in community composition (Leibold 1996, Leibold et al. 1997, 
Chase et al. 2000), spatial refuge use (Jansen 2001), density dependence 
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(Mittelbach et al. 1988, Abrams 1993, McCann et al. 1998), adaptive foraging by 
herbivores (Abrams 1984, 1991, 1992, 1993) and inducible defenses. More 
studies are needed that analyze the interactive effects of potentially important 
factors. For example, Abrams & Vos (2003) analyzed the effects of middle-level 
adaptation and density dependence at all trophic levels in a full factorial design. 
Different mechanisms of adaptive change, such as microevolution, adaptive 
behaviour, species replacement, and induced defenses, were shown to have 
similar effects on trophic-level responses to a perturbation in the form of 
increased mortality (Abrams & Vos 2003). 
Another approach that may help to unravel the mechanisms that govern 
trophic structure is an experimental one. This allows manipulation of the above 
factors by assembling simple communities of species with distinct 
characteristics. In an intriguing experimental study Kaunzinger & Morin (1998) 
observed that productivity increased the biomass of all trophic levels, both in 
bitrophic and tritrophic microbial food chains. This surprising response 
remained unexplained in that paper, given that much care was taken to exclude 
several potential sources of heterogeneity. We hypothesize that consumer-
induced morphological changes may have caused these results, which are in 
agreement with our model predictions. The results presented do not allow us to 
directly test this hypothesis, since morphological changes were not monitored in 
this experiment, which used Serratia marcescens as bacterial basal prey and 
Colpidium striatum ciliates as intermediate prey of the predatory ciliate 
Didinium nasutum. Indirect evidence suggests a possible role of induced 
morphological changes. First, Serratia marcescens is well known for the 
existence of different phenotypes, including elongated individuals that may 
exhibit coordinated multicellular swarming behaviour through quorum sensing 
(Ang et al. 2001). Secondly, several species in the Colpidium genus are known 
to exhibit predator-induced morphological changes (Fyda 1998, Kuhlmann et al. 
1999). Holyoak noted an increase in C. striatum size in the presence of its 
predator D. nasutum, but the relative roles of predator-released infochemicals 
and increased per capita food availability for C. striatum could not be 
determined (M. Holyoak, personal communication). 
Our results show that intraspecific heterogeneity resulting from 
consumer-induced defenses causes adjacent trophic levels to increase in 
response to enrichment, thus enhancing the propagation of bottom-up effects. 
This makes such intraspecific heterogeneity a candidate component of a more 
complete explanation of biomass responses in nature. 
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Appendix A 
Partial derivatives with respect to k for the positive and negative branches of 
Eq. 7.13 
 
Demonstrating that for the positive branch 0
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Abstract 
Recent theoretical work (Vos et al., 2004a) predicts that 
inducible defences prevent strong population fluctuations 
under high levels of nutrient enrichment. Here we evaluate 
this model prediction and show that inducible defences in 
algae stabilize the dynamics of experimentally assembled bi- 
and tritrophic planktonic food chains. At high phosphorus 
levels, we observed strong population fluctuations in all food 
chains with undefended algae. These fluctuations did not 
occur when algae had inducible defences. At low phosphorus 
levels, we observed deterministic consumer extinctions, as 
predicted by stoichiometric theory. Our study thus shows 
that both biotically and abiotically induced changes in algal 
food quality affect the stability and persistence of planktonic  
foodchains. 
Chapter 8 
172 
Introduction 
Enriched food chains may show extreme population fluctuations that result in 
stochastic species extinctions, the so-called paradox of enrichment (Rosenzweig, 
1971). This phenomenon has frequently been observed in laboratory studies (e.g. 
Luckinbill, 1973; McCauley et al., 1999; Fussmann et al., 2000), but rarely in 
nature (Murdoch et al., 1998). 
Inducible defences are a candidate mechanism for explaining this contrast. 
They have been predicted to stabilize the dynamics of bi- and tritrophic food 
chains, even in highly enriched systems (e.g. Abrams & Walters, 1996; Vos et 
al., 2004a). Inducible defences have been shown to occur in hundreds of species, 
across a wide range of taxa (Karban & Baldwin, 1997; Kats & Dill, 1998; 
Tollrian & Harvell, 1999). This indicates their potential importance in natural 
food webs.  
The timing of inducible defences is of crucial importance for their effect on 
stability. Inducible defences may destabilize dynamics when considerable time 
lags occur between changes in consumer density and the induction or relaxation 
of defences (e.g. Underwood, 1999). However, even when delays are present, 
population fluctuations may be damped and thus not sustained indefinitely 
(Lundberg et al., 1994). Interestingly, inducible defences may stabilize 
dynamics when delays are absent or minimal (Abrams & Walters, 1996; Ramos-
Jiliberto, 2003; Vos et al., 2004a). Inducible defences may thus promote or 
endanger population persistence (Vos et al., 2002; 2004a) and this effect may 
differ between bi- and tritrophic food chains (Vos et al., 2004a). 
Empirical studies on the effects of inducible defences on population 
stability are rare (Haukioja, 1980; Fowler & Lawton, 1985; Seldal et al., 1994). 
Rigorous empirical tests of any population level effect of different defence 
strategies are scarce (Underwood & Rausher, 2002). No previous empirical 
study has addressed the combined effects of contrasting defence strategies on 
stability and persistence in both bitrophic and tritrophic food chains. Here we 
experimentally test predictions from the theoretical study by Vos et al. (2004a), 
who analysed models of planktonic food chains. Their study explored the effects 
of enrichment (a bottom-up effect) and consumer mortality rate (a top-down 
effect) on stability, in scenarios with different defence strategies in algae. This 
analysis (and additional unpubl. analyses) revealed a large area in a realistic 
part of parameter space in which a bitrophic system monotonically reaches a 
stable equilibrium when algae have induced defences. In contrast, when algae 
have no defences, the system exhibits strong population fluctuations, either 
damped or sustained. This area is characterized by intermediate to high values 
of algal carrying capacity and herbivore mortality (Vos et al., 2004a). Similarly, 
in an enriched tritrophic food chain a monotonic approach of a stable 
equilibrium is possible when algae have induced defences. This occurs at low 
mortality rates of the carnivore. In this area of parameter space population 
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cycles are expected when algae are undefended, as the possibilities for a stable 
equilibrium are severely restricted.  
These model predictions lead to the following empirical research 
questions. (1) Do enriched food chains without defences in algae exhibit strong 
population fluctuations, either damped or sustained, and are these fluctuations 
prevented by induced defences in algae? (2) Are there differential effects of 
inducible defences on the stability and persistence of bitrophic and tritrophic 
food chains?  
Vos et al. (2004a) parameterized their food chain models for planktonic 
organisms: carnivorous and herbivorous rotifers and green algae with inducible 
defences or without defences. We have experimentally assembled these food 
chains in medium that was either low or high in phosphorus. Here we show 
that inducible defences prevented strong population fluctuations under 
eutrophic conditions and caused consumer densities to stay further away from 
zero. Low phosphorus levels caused deterministic consumer extinctions. 
 
Methods 
Food chains were composed of the following organisms: (1) algae: Desmodesmus 
bicellularis Hegewald (Chlorococcales, Chlorophyta) (hereafter Desmodesmus), 
UTEX LB1359, or Scenedesmus obliquus (Turpin) Kützing (Chlorococcales, 
Chlorophyta) (hereafter Scenedesmus), UTEX 2630; (2) herbivorous 
zooplankton: Brachionus calyciflorus Pallas (Rotifera) (hereafter Brachionus); 
and (3) carnivorous zooplankton: Asplanchna brightwelli Gosse (Rotifera) 
(hereafter Asplanchna). COMBO medium (Kilham et al., 1998) was used in all 
cultures and experiments. 
Species from the genera Scenedesmus and Desmodesmus can be 
dominant phytoplankton species in rivers (Garnier et al., 1995) and shallow 
lakes (Burchardt et al., 2003), where they may co-dominate the plankton with B. 
calyciflorus (Jeppesen et al., 1990). Many Brachionus and Asplanchna species 
co-occur in rivers (Lair et al., 1998; Kim & Joo, 2000) and shallow lakes (K. 
Jürgens, pers. comm.), and the particular species B. calyciflorus and A. 
brightwelli we used here, may co-occur (Gilbert & Waage, 1967) or co-dominate 
the zooplankton (Oltra et al., 2001). 
Scenedesmus forms colonies when exposed to Brachionus-released 
infochemicals. These colonies disintegrate in the absence of this herbivore (A.M. 
Verschoor, O.K. Bekmezci, J. Vijverberg, chapter 6). In contrast, our 
Desmodesmus strain, that is similar in size and morphology to undefended 
Scenedesmus, does not respond in mean particle volume to herbivore 
infochemicals, as most other species in this genus (Verschoor et al., 2004, 
chapter 2). For Scenedesmaceae between 44 and 757 µm3, the maximum 
ingestion rate of Brachionus decreases with increasing particle volume (A.M. 
Verschoor, Y.S. Zadereev, chapter 4). This algal size effect on Brachionus 
functional responses and the presence or absence of herbivore-induced colony 
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formation were used as criteria to define algae without defences (Desmodesmus) 
and algae with inducible defences (Scenedesmus). 
In the food chain experiments, full medium (50 µmol P L-1) and 
phosphorus-depleted medium (0.5 µmol P L-1) were used. This yielded a design 
consisting of two algal defence strategies × two food chain lengths (bitrophic 
and tritrophic) × two medium types = eight treatments. Algae were centrifuged 
(10 min, 2500 RPM) and resuspended twice in either medium type. Zooplankton 
was added 1 day after algal inoculation. Inoculum densities were 0.5 mg C L-1 
for Scenedesmus and Desmodesmus, 1200 ind L-1 (0.066 mg C L-1) for 
Brachionus and 10 ind L-1 (0.0039 mg C L-1) for Asplanchna. Triplicates for all 
eight treatments ran simultaneously in 1 L microcosms. Plankton was 
incubated at 21° µ 0.5°°C in continuous light [120 µ 10 µmol photons (PAR) m-2 
s-1] and kept in suspension by gentle shaking (90 µ 5 RPM). Every 24 h, 100 mL 
(10%) of the plankton suspension was sampled and replaced by fresh medium. 
Phytoplankton and zooplankton samples were separated by a 30 µm filter and 
fixed in 1% of LugolÊs iodine solution. Algal subsamples were counted on a 
particle counter (CASY 1, Schärfe System Gmbh, Reutlingen, Germany). 
Zooplankton samples were counted under a dissecting microscope. Experiments 
lasted 25 days in the full medium and (due to zooplankton extinctions) 20 days 
in the P-depleted medium. 
Densities of the different populations in time were analysed for 
differences in minima, coefficients of variation (CV) and maximum amplitude 
(log10 (maximum/minimum)). These parameters were calculated excluding the 
first 6 days, to prevent an over-representation of the initial transient phase. 
Because of heteroscedasticity and non-normality, the Scheirer–Ray–Hare 
extension of the Kruskall–Wallis test was used (Sokal & Rohlf, 2000). For 
carnivore densities we used the Mann–Whitney U-test to compare food chains 
with inducible or no defences in algae. 
 
Results 
In the high phosphorus treatment with undefended algae (Desmodesmus), we 
observed maximum amplitudes of two to four orders of magnitude in 
zooplankton population densities (Fig. 8.1a,b). In contrast, in high phosphorus 
treatments with inducible defences (Scenedesmus), amplitudes typically 
spanned less than one order of magnitude (Fig. 8.1c,d). The initially strong 
fluctuations on undefended algae damped during the course of the experiment. 
In the inducible defence treatment, a stable equilibrium was approached 
rapidly and almost monotonically. The observed contrast in dynamics was 
highly replicable and similar for bitrophic and tritrophic food chains. In the 
high phosphorus treatment with undefended algae the carnivore Asplanchna 
went extinct in one replicate, after a very low minimum in the herbivore 
Brachionus (Figs. 8.1b and 8.2).  
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Figure 8.1. Population dynamics of planktonic food chains in the high phosphorus treatments, with densities expressed as mg C L-1. 
Filled circles denote phytoplankton, open circles herbivorous zooplankton (Brachionus) and filled triangles carnivorous 
zooplankton (Asplanchna). (a, b) Food chains with undefended phytoplankton (Desmodesmus); (c, d) food chains with inducible 
defences in phytoplankton (Scenedesmus); numbers indicate different replicates. Zooplankton extinctions are marked with †. 
Compared with food chains with inducible defences in algae, food chains 
with undefended algae had significantly lower minimum densities of herbivores, 
(P = 0.0040), but not of carnivores (P = 0.1266). Food chains with undefended 
algae had higher CVs for the biomass densities of all trophic levels (algae and 
herbivores P = 0.0040, carnivores P = 0.0495) and higher maximum amplitudes 
(algae P = 0.0163, herbivores P = 0.0040, carnivores P = 0.0495). Neither food 
chain length, nor its interaction with defence strategy had a significant effect 
on any of these variables. 
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Figure 8.2. An example of algal size dynamics in terms of mean particle volumes in relation to herbivore densities in the bitrophic 
high phosphorus treatment, with Scenedesmus and Desmodesmus  in the left and right panels respectively. Day 6–14 is the 
period with most distinctly contrasting herbivore dynamics. Filled circles denote mean particle volumes (MPV, µm3), open circles 
represent herbivore densities (no. mL-1). 
Both undefended Desmodesmus and Scenedesmus algae with inducible 
defences initially showed fluctuations in particle size following their transfer 
from continuous cultures to the microcosms. On days 6 and 7 of the bitrophic 
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experiment both species had reached similar sizes, around 50 µm3, as can be 
seen in the example in Fig. 8.2. Brachionus in the Scenedesmus treatment first 
increased in numbers to reach a density of 78 rotifers mL-1 on day 8. 
Subsequently densities slightly decreased and increased again to reach a 
regime of densities that varied around a mean of 56 herbivores mL-1 (Fig. 8.2, 
left panel). These changes in herbivore densities were followed by similar 
changes in algal particle size, all with a delay of c. 2 days. Scenedesmus size 
reached a maximum of 175 µm3 on day 13 (Fig. 8.2), and then decreased to 
fluctuate around a mean of 104 µm3 during the rest of the experiment. Sizes of 
the undefended algae remained similar throughout the experiment, with an 
average of 59 µm3 (range 41-88 µm3; Fig. 8.2, right panel). Desmodesmus thus 
did not show major changes in particle size in response to the wild population 
fluctuations of its herbivore (Fig. 8.2, right panel). 
In the low phosphorus treatments, both herbivorous and carnivorous 
zooplankton went extinct in all replicates, while the algae grew to carrying 
capacity (Fig. 8.3). Herbivores in food chains with undefended algae went 
through a cycle with a very deep trough before going extinct (Fig. 8.3a,b). In the 
treatment with inducible defences herbivores went extinct more gradually, 
without a clear oscillatory tendency (Fig. 8.3c,d). 
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Figure 8.3. Population dynamics of planktonic food chains in the low phosphorus treatments, with densities expressed as mg C L-1. 
Symbols are used as in Fig. 8.1. 
Discussion 
We showed strong population fluctuations that spanned several orders of 
magnitude in enriched food chains with undefended algae (Fig. 8.1a,b). In 
contrast, such strong fluctuations were absent in food chains with inducible 
defences in algae (Fig. 8.1c,d). Particle sizes in this treatment were more 
variable (Fig. 8.2) because of variation in the number of cells per colony. This 
prey heterogeneity may have contributed to food chain stability in the induced 
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defence treatment (see Abrams & Walters, 1996; Vos et al., 2004a). Similar 
stabilizing heterogeneities include differential predator swimming speeds 
(Luckinbill, 1973), the presence of prey size refuges (Balčiūnas & Lawler, 1995), 
and differential edibility of different algal prey species (McCauley et al., 1999; 
Persson et al., 2001). 
Our experimental results are qualitatively in concordance with the model 
prediction that enriched food chains with induced defences in algae are likely to 
monotonically approach a stable equilibrium. In the same part of parameter 
space the model predicts bitrophic food chains with undefended algae to show 
damped or sustained population cycles (Vos et al., 2004a; b, chapter 7). Indeed, 
our experimental treatment with undefended algae resulted in initially strong, 
but damped population fluctuations. Model analysis suggests that this damping 
occurred intrinsically, because the equilibrium was a stable focus (see Vos et al., 
2004a; M. Vos, unpubl. data). Another stabilizing factor, such as the formation 
of detrital aggregates, could also explain stabilization towards the end of the 
experiment. Such a factor is likely to have contributed to the observed damping, 
as we do not theoretically expect damping towards a stable focus in a highly 
enriched tritrophic system with undefended algae (Vos et al., 2004a). 
Both in nature and in experiments a variety of mechanisms might 
contribute to stability and persistence. We used the bitrophic version of the 
model by Vos et al. (2004a, b, chapter 7), to evaluate four alternative 
mechanisms. In these model scenarios defences were fixed, i.e. not inducible. 
We took undefended algae that cycled with their herbivores as a reference, 
using the parameter values of Vos et al. (2004b, chapter 7). From there we 
decreased (a) the attack rate on algal prey and (b) algal growth rate, and 
increased (c) the handling time on algal prey and (d) the conversion efficiency 
from algal to herbivore biomass. We found that differences in growth rate 
between algal strains were unlikely to cause differences in stability of the 
plant–herbivore system. However, the above mentioned changes in handling 
time, attack rate and conversion efficiency all had a stabilizing effect. It is 
important to note that these characteristics, that we can consider to be part of 
fixed defence strategies, did not fundamentally resolve the paradox of 
enrichment. Their stabilizing effect is restricted in the sense that a higher level 
of enrichment is required to destabilize the system. In contrast, inducible 
defences may prevent a paradox of enrichment altogether (Vos et al., 2004a). 
However, in experimental terms this evaluation implies that a strain with fixed 
defences may be stable, and an undefended strain unstable, at a given level of 
enrichment. This can also be seen in Fig. 2 of Vos et al. (2004a) and means that 
future experimental work should elaborate on the dynamic consequences of 
fixed as opposed to inducible defences. 
Our main point here is that differences in algal defence strategies could 
explain the large and highly replicable differences in population dynamics we 
observed in this experiment. Work by I. van der Stap, M. Vos and W.M. Mooij 
(unpubl. data) in batch systems on other algal strains shows that such 
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population level effects of defence strategies are not a mere effect of species or 
strain identity. 
The Brachionus strain used here exhibits induced defences (spine 
formation) against its carnivore Asplanchna. These induced defences at the 
herbivore level did not prevent strong population fluctuations, while induced 
defences at the plant level did (Fig. 8.1). This is also predicted by the model of 
Vos et al. (2004a). If defence inducibility in herbivores is removed from this 
model, very little changes in terms of stability occur. However, if defence 
inducibility in plants is removed from the model, one immediately regains the 
paradox of enrichment (M. Vos, unpubl. analyses). 
Both herbivores and carnivores went extinct in all low phosphorus 
replicates (Fig. 8.3b,d). At first sight, the strong declines in herbivore densities 
seem odd, given the abundance of algal food. We attribute herbivore extinctions 
to a progressively decreasing food quality of the algae, due to phosphorus 
depletion. With the strains used, food quality effects on B. calyciflorus 
population growth already occur at moderate P-limitation of Scenedesmus 
(atomic C : P ratios 600–650, Jensen & Verschoor, 2004), whereas algal C : P 
ratios in a similar population dynamics experiment under identical abiotic 
conditions attained values between 1500 and 2500 (I. van der Stap, A.M. 
Verschoor, unpubl. data). The consistent extinctions of herbivores and 
carnivores at high carbon but low phosphorus levels are in close agreement 
with predictions from various stoichiometric models (Andersen, 1997; Loladze 
et al., 2000; Grover, 2003). 
Inducible defences are one of the individual level mechanisms that are 
predicted to have major effects at higher levels of ecological organization, in 
terms of trophic structure (Abrams & Vos, 2003; Vos et al., 2004b, chapter 7), 
persistence (Vos et al., 2002; 2004a), resilience (M. Vos et al., unpubl. data) and 
stability (Abrams & Walters, 1996; Ramos-Jiliberto, 2003; Vos et al., 2004a). 
Here we show that inducible defences in algae are indeed capable of preventing 
strong population fluctuations. This is important because strong population 
fluctuations with low minimum densities endanger the persistence of species at 
higher trophic levels. Thus, defence strategies in prey species contribute to the 
probabilities of persistence and extinctions in higher-level consumers. 
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Inducible defences  
The research described in this thesis is based on my combined interests in 
developing methods for ecological research and in using these to study trophic 
interactions in aquatic communities. I have addressed questions on the costs 
and benefits of inducible defences and on their effects on the functioning of 
simple food webs. It is commonly agreed upon that four conditions need to be 
satisfied for inducible defences to evolve, namely: 1) variability in the predation 
strength, 2) an effective defence, 3) a reliable cue associated with predation, and 
4) defence-associated costs (Harvell, 1990; Tollrian & Harvell, 1999). The 
discussion below is structured along these lines. 
 
Variability in strength of predation  
Predation pressure in nature shows considerable spatial and temporal variation, 
for example due to refuge use, prey (over)exploitation, or invasion. The number 
of discovered species with inducible defences is still increasing (e.g. Tollrian & 
Harvell, 1999). Nevertheless, there are plenty of species that do not possess 
inducible defences, and species with and without inducible defences usually co-
occur within the same system. Already within the group of Scenedesmaceae 
alone, there is considerable variability in both morphology and the occurrence of 
inducible colony formation, even within the same species (Verschoor et al., 
2004a; chapter 2). This can be understood from the fact that many different 
factors affect an organismÊs morphology. Trade-offs between defences against 
multiple enemies may cause variation in the morphological response of 
organisms (Felton & Korth, 2000; Rigby & Jokela, 2000; Decaestecker et al., 
2002). Furthermore, high costs, and hence resource availability, may severely 
constrain the morphological response (chapter 6). 
If variable predation selects in favour of inducible defences, this implies 
that under constant predation strength, there should be selection against 
inducible defences. Data by Van Holthoon (2004) seem to support this. These 
data consist of 3 years of bioassays done with Daphnia magna filtrate on the S. 
obliquus strain originating from the Max-Planck Institute of Limnology, Plön, 
Germany (S. obliquus MPI). Over these three years, a clear long-term trend was 
found of decreasing colony size in the algae exposed to D. magna-filtrate, 
whereas controls remained at constant size over this period (Van Holthoon, 
2004). It is therefore likely that in the absence of variable selection pressure by 
herbivorous zooplankton, the ability to induce colonies can be lost, as a result of 
ÂhiddenÊ costs for maintenance of the ability of colony induction. This could also 
imply that the infochemical threshold concentration required to induce colony 
formation in certain laboratory strains (Verschoor et al., 2004a; chapter 2) 
might be much higher compared to conspecifics under field conditions that are 
exposed to varying intensities of herbivory. 
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Effective defence 
Colony formation is not effective against D. magna (Lampert et al., 1994), 
which nevertheless is the most intensely investigated herbivorous zooplankton 
species with respect to inducible colony formation in S. obliquus (Van Holthoon 
et al., 2003). For the large D. pulicaria, colony formation did not lower ingestion 
rates either, but it appeared effective against the smaller D. cucullata (Lürling 
& Van Donk, 1996). Because of this, it has been thought that inducible colony 
formation is most effective against small herbivores (Van Donk et al., 1999). 
Indeed, colony formation is an effective defence against the small herbivore B. 
calyciflorus (chapter 4). However, Van Donk et al. (1999) also argue that the 
lack of difference in ingestion rates found by Lampert et al. (1994) could be 
attributed to the low concentrations of algae used in their experiment. To 
understand this, a closer look is needed at the response of the herbivore feeding 
rate as a function of food concentration, the so-called functional response. I will 
use a graphic representation of HollingÊs (1959) type II functional response 
model, also known as disk equation (Fig. 9.1). 
This functional response is defined by its initial slope (attack rate) and 
the ultimate height (= maximum ingestion rate = 1/handling time). For 
suspension-feeding herbivores, the attack rate is usually referred to as 
maximum clearance rate. Fig. 9.1 shows that when increasing the handling 
time, i.e. going from functional response A to functional response B, the 
ingestion rate is hardly different at lower food concentrations, but differences 
become increasingly larger at higher food concentrations. Van Donk et al. (1999) 
referred to these conditions (increasing handling time) when they stated that 
differences may be absent at low food concentrations, but present at higher food 
concentrations. However, defences may also affect attack rates (maximum 
clearance rates), i.e. going from functional response A to functional response C. 
This would yield the reverse situation, with the defence effect being mainly 
present at (very) low food concentrations and disappearing at high 
concentrations. Finally, if defences affect both handling times and attack rates , 
i.e. going from functional response A to functional response D, the ingestion 
rate is reduced over the whole range of food concentrations from low to high 
(Fig. 9.1). Many inducible defended species never become completely inedible 
(Jeschke & Tollrian, 2000), so that an analysis of the functional response is 
essential for further understanding of the mechanistic components of inducible 
defences. 
Nowadays, novel techniques based on stable isotopes allow us to safely 
analyse zooplankton functional responses, without having to apply harmful 
chemicals (Verschoor et al., in press; chapter 3). In our analysis of the 
functional response of B. calyciflorus, food uptake rates of algal colonies were 
reduced at the higher food concentrations only. This could be attributed to 
increased handling times of larger-sized colonies. Just like other rotifers, B. 
calyciflorus has an optimum particle size for maximum ingestion rates (chapter 
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4). The optimum particle size increases with body size due to increasing gape 
size (Hino & Hirano, 1980). This means that small rotifers probably will have 
more difficulties in handling larger particles, similar to what has been 
suggested by Van Donk et al. (1999). However, the consequences of this are that 
for large B. calyciflorus strains, maximum ingestion rates may even increase 
with increasing colony size of S. obliquus, which indeed has been found by 
Lürling (1999).  
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Figure 9.1. Effect on ingestion rates when changing 2 parameters of an arbitrarily scaled type II functional response: handling time 
and attack rate. There are 4 possible outcomes: A. Reference functional response, maximum attack rate and minimal handling 
time; B. increased handling time (maximum attack rate), C. lowered attack rate (minimal handling time); D. lowered attack rate 
AND increased handling time. Note the logarithmic scales. 
An unexpected aspect of inducible colony formation is that it also lowers 
the carbon assimilation efficiency of the herbivore (chapter 4). The reduced  
assimilation efficiency is probably a result of the smaller surface to volume ratio 
exposed to digestive fluids (chapter 4). Furthermore, assimilation efficiency 
decreases with increasing food density (chapter 3: Fig. 3.5b; chapter 4: Fig 4.4C). 
Such effects could enhance the probability of algal cells to survive passage 
through herbivore guts, which could be another defensive benefit of colony 
formation. Scenedesmus colonies have been reported to survive gut passage of 
herbivorous zooplankton (Porter, 1973) and of herbivorous fish (Velazquez, 
1939), which shows that gut passage survival is a strategy worthy of further 
investigation. 
 
Reliable cues  
In the pelagic environment, information chemicals (infochemicals) appear to be 
reliable, non-fatal and more specific than e.g. mechanical cues of predation 
(Tollrian and Harvell 1999). Chapter 2 shows that filtrate (infochemicals) from 
grazing B. calyciflorus induces colony formation in different Scenedesmaceae, 
and that colony size is adjusted to the concentration of infochemicals. Due to 
infochemical degradation, which can be described as a first-order decay process 
Chapter 9 
186 
(e.g. Van Holthoon, 2004), the infochemical concentration thus provides up-to-
date information on the actual grazing threat.  
There is ample evidence that the infochemical involved in colony 
induction has its origin in active grazing. Firstly, there is no response of S. 
obliquus to algal filtrate. Secondly, the colony-forming response of S. obliquus to 
B. calyciflorus is weak when exposed to starved B. calyciflorus, and strong when 
this species is exposed to filtrate from grazing B. calyciflorus. Thirdly, colony 
size of S. obliquus is increasing with increasing concentration of grazing-
released chemicals (chapter 4: Fig. 4.2b). Similar results have been obtained for 
Daphnia. Filtrate from grazing Daphnia has a stronger colony-inducing effects 
than filtrate from starved conspecifics, whereas homogenates from Daphnia and 
algae separately do not induce such a response (Lampert et al., 1994, Von Elert 
and Franck, 1999). The proportionality of colony size with grazing intensity has 
also been found for different Cladocera, independent of species identity (Lürling, 
2003). Furthermore, extracts from the guts of Daphnia have shown higher 
colony-inducing activity than extracts of other body parts (Fink, 2001).  
Thus, taxonomically very different herbivorous zooplankton species are 
able to induce colony formation in S. obliquus (Van Donk et al., 1999; Lürling 
2003; Verschoor et al., in press; chapter 2). Even when not fed the same strain 
or species, herbivores may induce colony formation. For instance, filtrate from 
B. calyciflorus fed Chlorella vulgaris induced colony formation in S. obliquus 
(Lürling & Van Donk, 1997). In contrast, filtrate from carnivorous zooplankton 
species does not induce colonies (Lürling 2003). This suggests that inducible 
colony formation is a general response to herbivory (Verschoor et al., 2004a; 
chapter 2), and not a response to any specific herbivore. An interesting question 
remains whether the algae respond to some general algal chemicals or to 
species-specific latent alarm pheromones released by the algae (cf. Stabell et al., 
2003). 
All pelagic zooplankton taxa are exposed to similar environmental 
constraints, which may have selected for similar chemical pathways, and the 
release of similar infochemicals. For example, Copepoda, Cladocera and 
Rotifera may all use surface glycoproteins for mate location (Carmona & Snell 
1995; Snell & Morris 1993). The similarity of constraints is especially visible in 
the feeding physiology of herbivorous zooplankton. All taxa have in common 
that they are suspension feeding on algae in the same type of environment and 
require the same enzymes to digest certain useful compounds from the algae. 
Furthermore, infochemicals from all these taxa have shown to be capable of 
inducible colony formation (Van Donk et al., 1999; chapter 2). However, a final 
evaluation on the role of chemical pathways involved can only be made if the 
chemical structure of the infochemical(s) involved is known. Progress has been 
booked with characterisation of the infochemical involved in D. magna-induced 
colony formation in S. obliquus (Van Holthoon et al., 2003). However, despite 
the serious efforts that have been made so far, not a single active compound has 
been identified yet. 
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Defence-associated costs  
Inducibility has generally been thought of as saving costs compared to being 
constitutively defended. Costs of colony formation may be the lower 
surface/volume ratios, which theoretically should lead to lower resource uptake 
rates (nutrients, light) and hence to reduced growth rates. With respect to 
resource uptake, we indeed showed that the availability of light appears to be 
essential for maintenance of the colonial morph in S. obliquus (chapter 6). 
However, previous investigators did not find significant differences in growth 
rates between unicells and Daphnia-induced colonies for D. subspicatus 
(Hessen & Van Donk, 1993), nor for S. obliquus (Lampert et al., 1994; Lürling & 
Van Donk, 2000), neither were differences found in photosystem II efficiency 
(Lürling & Van Donk, 2000). The lack of differences in growth and light 
harvesting capacity found previously can probably be attributed to the fact that 
these experiments were done under resource-sufficient conditions. Physiological 
costs may only become apparent under competitive conditions (Siemens et al., 
2003; Yoshida et al., 2004; chapter 6), e.g. when light is limiting due to self-
shading (chapter 6). 
In natural environments, organisms may also experience costs of defences 
through interaction with their environment, the so-called ecological costs 
(Strauss et al., 2002). Lampert et al. (1994) suggested earlier that colonies of S. 
obliquus could have higher sedimentation rates, and Lürling & Van Donk (2000) 
indeed demonstrated the higher sedimentation rates of S. obliquus colonies in 
laboratory sedimentation columns. Analysis of a population dynamics 
experiment with S. obliquus and B. calyciflorus in semi-natural laboratory 
ecosystems (Limnotrons: Verschoor et al., 2003; chapter 5), showed that loss 
rates of unicellular and colonial S. obliquus from the water column exactly 
followed the sedimentation rates that were theoretically predicted on the basis 
of their sizes (chapter 6). This implies that also under natural conditions, 
sedimentation costs of induced colonies may be considerable. 
For differentially sized Scenedesmaceae, losses to herbivory (chapter 4) 
appear to be inversely related to sedimentation losses (chapter 6). This, 
together with the sensitive concentration-dependent response to herbivory-
released infochemicals (Verschoor et al., 2004a; chapter 2) shows that inducible 
colony formation may minimise fitness costs. On one hand there are 
physiological and ecological costs of defences, on the other hand there are 
higher costs of herbivory when undefended. However, this cost minimisation is 
often less than perfect, as induction and decay of defences and associated costs 
always respond with a time lag to the actual occurrence and disappearance of 
herbivory (chapter 6: Fig. 6.1). 
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Inducible defences: food web effects 
Defences do not only affect individuals, but also the way populations interact. 
Inducible colony formation creates dynamic heterogeneity in morphology 
(chapters 2, 6), which in turn affects food uptake rates of herbivores (chapter 4). 
Since this may affect both abundance and interactions of species, food webs 
composed of species with inducible defences may have different structural and 
dynamical properties than food webs without these defences. 
 
The green world 
The green world hypothesis and its descendants predicted a step-wise response 
of the biomass of different trophic levels to resource enrichment, with the 
dominant trophic levels alternating dependent on the length of the food chain 
(chapter 1: Fig. 1.1). However, these patterns have only been found incidentally 
in the field (chapter 1). Although such a pattern has been said to require strong 
top-down forces (e.g. Polis, 1999), a theoretical analysis of food chains with and 
without constitutive defences qualitatively yielded the same, step-wise response 
(chapter 7). Real differences occurred when analysing the biomass response of 
food chains with inducible defences, which, in contrast to the permanent 
scenarios mentioned before, yielded a gradual increase of all trophic levels with 
resource enrichment (Vos et al. 2004b; chapter 7). This result is more in line 
with most empirical observations on natural food chains (chapters 1, 7), and 
suggests that inducible defences may be important for explaining biomass 
patterns observed in nature.  
 
The paradox of enrichment 
In chapter 8, a systematic comparison of the population dynamical effects of 
undefended versus inducible defended algal species has been performed. As far 
as we know, this was the first study of this kind ever done. Among the most 
established hypotheses is that, due to the time lags involved in induction and 
decay of inducible defences (chapter 6), inducible defences may destabilise 
population dynamics (e.g. Haukioja, 1980; Underwood, 1999). On the other 
hand, inducible defences may stabilise dynamics when delays are absent or 
minimal (Abrams & Walters 1996; Ramos-Jiliberto, 2003; Vos et al. 2004a).  
Changes in attack rate, handling time or conversion efficiencies all have 
been predicted to have a stabilising effect on population dynamics, even under 
conditions of high enrichment (Vos et al., 2004a). The results reported in 
chapter 8 are in agreement with these predictions and show that inducible 
defences can stabilise food chain dynamics under enrichment (Verschoor et al. 
2004b). Moreover, incidental top predator extinction due to extreme oscillations 
did not occur with inducible defended algae, thus preventing RosenzweigÊs 
(1971, 1973) „paradox of enrichment‰ (Verschoor et al. 2004b; chapter 8). 
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Inducible defences and adaptation in food webs 
Inclusion of inducible defences in a classical food web model (chapter 7) showed 
that dynamic heterogeneity in defence levels produced patterns in trophic 
structure that are consistent with those observed in nature (Vos et al. 2004b). It 
was also shown that induced defences prevented the occurrence of strong 
population cycles in replicated experimental communities, while such 
fluctuations did occur when algae were undefended (Verschoor et al. 2004b; 
chapter 8). Since species with inducible defences occur in many natural 
communities (Karban and Baldwin 1997, Kats and Dill 1999), this raises 
questions on how such defensive traits and their evolution affect the 
functioning of more complex communities in nature. 
As we have seen in chapter 6, organisms with inducible defences are 
facing a delicate balance between defence costs and predation risks. To deal 
with this effectively, an organism has to update its information on the 
surrounding environment continuously. We have seen that defensive responses 
are adjusted to the risk of predation (chapter 2). However, these experiments 
represented a relatively simple single-consumer environment, while natural 
communities present risks of predation from a variety of consumer species. This 
implies that natural communities are likely to have more variability in the 
strength of predation. In multi-predator environments it is also harder to be 
effectively defended. In addition, the reliability of infochemical cues may be 
reduced in complex environments, especially when different consumer species 
release similar cues. 
These factors complicate evaluations of the adaptive value of induced 
defences in natural communities, but also make this task a challenging and 
interesting one. Future research could address questions on adaptation and the 
community level effects of inducible defences in more species-rich food webs. My 
research has shown that induced defences and the resulting dynamic 
heterogeneity are important for the functioning of simple aquatic communities. 
These effects add a new perspective on the structure and behaviour of the more 
complex communities that we observe in nature. 
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Summary 
The number of species known to have inducible defences is increasing every day. 
Yet, inducible defences are rather unexplored in food web theory. This thesis is 
on inducible defences in freshwater plankton. The green alga Scenedesmus 
obliquus, which is predominantly unicellular in laboratory cultures, has been 
known to develop multicellular colonies in response to information chemicals 
(infochemicals) released by the herbivorous rotifer Brachionus calyciflorus. 
Brachionus in turn is eaten by carnivorous rotifers of the genus Asplanchna, 
but develops longer spines when exposed to Asplanchna infochemicals. The 
Brachionus-Asplanchna system has been well-studied with respect to inducible 
defences, but much less is known about the Scenedesmus – Brachionus system. 
Two major questions were addressed: 
1. is Brachionus-induced colony formation in Scenedesmus an inducible 
defence? 
2. how do inducible defences alter structure and functioning of pelagic food 
chains? 
It was found that inducible colony formation is widespread among all 
species of the Scenedesmaceae family (chapter 2). Scenedesmaceae with 
inducible colony formation usually respond similarly to grazing-related 
infochemicals released by Brachionus and the cladoceran Daphnia magna, 
which suggests that inducible colony formation is a general response to 
herbivory. The threshold infochemical concentration for colony formation is 
generally lower in Scenedesmus species than in Desmodesmus species. 
Furthermore, colony size in Scenedesmus can be described as a logistic function 
of infochemical concentration, which means that –within certain ranges- colony 
size can be adjusted to the herbivore threat. 
For a proper evaluation of the adaptive value of colony formation, the 
feeding response (i.e. functional response) of the herbivore must be known over 
a whole range of different food concentrations of both unicells and colonies. A 
novel, stable isotope-based method was developed that allowed to measure the 
feeding rate of Brachionus accurately (chapter 3). This method has been applied 
to study the role of different chemicals in the trophic interaction between 
Scenedesmus and Brachionus (chapter 4). High doses of algal released 
chemicals stimulate the ingestion rate of Brachionus, whereas high doses of 
chemicals released by conspecifics (crowding chemicals) lower ingestion rates. 
Algal released chemicals do not have an effect on colony formation, whereas 
crowding chemicals have little effect on colony formation. Grazing-released 
chemicals, on the other hand, have a strong effect on colony formation. Colony 
formation in turn lowered the maximum ingestion rate and the assimilation 
efficiency of feeding Brachionus. This clearly shows that colony formation has a 
defensive value for Scenedesmus. 
Theory states that for inducible defences to evolve, this strategy should 
save costs compared to being permanently defended. Using laboratory 
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mesocosms (Limnotrons, chapter 5), I found that Scenedesmus colonies showed 
increased sedimentation rates under semi-natural conditions which markedly 
affected the pelagic biomass of the Scenedesmus populations (chapter 6). Hence, 
colony formation clearly has associated ecological costs. Additional bioassays 
revealed that colonies started to disintegrate under light-limiting conditions, 
which points at (photosynthetic) maintenance costs of colonies. In spite of the 
costs of inducible colony formation, we found that relaxation times were 
typically long. However, costs of slow relaxation are still affordable compared to 
the high costs of being ingested by Brachionus. 
Our analysis of a well-established food web model, with either no, 
constitutive or inducible defences, revealed that both food chains with 
undefended and constitutively defended species responded in a classical, 
stepwise, fashion to resource enrichment. This means that with enrichment, 
plant biomass increases until herbivores can exist. With further enrichment, 
plant biomass is kept at a constant level, whereas herbivore biomass increases, 
until predators can exist. Again with further enrichment, predators increase 
and keep herbivores at constant levels, which in turn allows plants to increase 
their biomass. In sharp contrast to this pattern, food chains with inducible 
defended species showed a gradual biomass increase at all trophic levels with 
enrichment. Concurrently bottom-up control increased too with increasing 
enrichment (chapter 7).  
Experiments done on the dynamics of bi- and tritrophic food chains with 
undefended and inducible defended algae revealed strong population 
fluctuations in food chains with undefended algae, which did not occur when 
algae had inducible defences (chapter 8). The strong population fluctuations in 
the tritrophic food chains with undefended algae occasionally led to predator 
extinctions. Thus, inducible defences increased the stability of the system by 
preventing strong population fluctuations, and promoted species persistence by 
preventing stochastic extinctions.
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Samenvatting 
Het aantal organismen waarbij induceerbare verdediging is aangetroffen neemt 
nog steeds toe. Desondanks is dit type verdediging nog nauwelijks ingebed in 
het huidige denken over voedselwebben. Dit proefschrift handelt over 
induceerbare verdediging in plankton van het zoete water. De groenalg 
Scenedesmus obliquus, welke voornamelijk ééncellig is in laboratoriumkweken, 
staat erom bekend dat ze meercellige kolonies vormt in reactie op 
informatiestoffen, uitgescheiden door het herbivore (algenetende) raderdier 
Brachionus calyciflorus. Brachionus wordt op haar beurt gegeten door carnivore 
raderdieren van het geslacht Asplanchna, maar ontwikkelt langere stekels 
wanneer ze wordt blootgesteld aan infochemicaliën afkomstig van Asplanchna. 
Het Brachionus-Asplanchna-systeem is in het verleden uitgebreid bestudeerd 
met het oog op induceerbare verdediging, maar van het Scenedesmus – 
Brachionus-systeem is nog nauwelijks iets bekend. 
Twee hoofdvragen zijn nader onderzocht: 
1. is Brachionus-geïnduceerde kolonievorming in Scenedesmus een 
induceerbare verdediging te noemen? 
2. hoe verandert induceerbare verdediging de structuur en het functioneren 
van voedselketens opgebouwd uit plankton? 
Het blijkt dat induceerbare kolonievorming wijdverbreid is binnen de 
familie der Scenedesmaceae (hoofdstuk 2). Scenedesmaceae met induceerbare 
kolonievorming reageerden doorgaans vergelijkbaar op graas-informatiestoffen 
afkomstig van Brachionus en de watervlo Daphnia magna, wat suggereert dat 
induceerbare kolonievorming een algemene respons is op herbivorie. De 
drempelconcentratie van informatiestoffen waarbij kolonievorming optreedt is 
doorgaans lager in Scenedesmus-soorten dan in Desmodesmus-soorten. Verder 
kan de koloniegrootte in Scenedesmus beschreven worden als een logistische 
functie van de informatiestofconcentratie, wat inhoudt dat koloniegrootte –
binnen bepaalde grenzen- afgestemd kan worden op de predatiedreiging. 
Voor een goede beoordeling van de adaptieve waarde van kolonievorming 
is het nodig dat de voedselopnamerespons (functionele respons) van de 
herbivoor gemeten wordt over een hele reeks voedselconcentraties, voor zowel 
ééncellige algen als kolonies. Hiertoe werd een nieuwe methode ontwikkeld, 
gebaseerd op stabiele isotopen, waarmee de voedselopnamesnelheid van 
Brachionus nauwkeurig bepaald kan worden (hoofdstuk 3). Deze methode is 
toegepast om inzicht te krijgen in de rol van verschillende stoffen in de trofische 
interactie tussen Scenedesmus en Brachionus (hoofdstuk 4). Hoge doses stoffen 
afkomstig van algen (ÂalgengeurÊ) bleken de voedselopnamesnelheid van 
Brachionus te bevorderen, terwijl hoge doses stoffen afkomstig van 
soortgenoten (Âcrowding chemicaliënÊ) de voedselopnamesnelheid juist verlaagde. 
Algengeur had geen effect op kolonievorming, en crowding chemicaliën hadden 
weinig effect hierop als Brachionus niet (al te veel) had gegeten. Echter, stoffen 
die vrijkwamen bij intensief grazen van Brachionus (ÂgraasstoffenÊ) hadden een 
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sterk effect op kolonievorming. Kolonievorming verlaagde op haar beurt de 
maximale voedselopnamesnelheid en de assimilatie-efficiëntie. Dit toont aan 
dat kolonievorming voor Scenedesmus duidelijk een verdedigingswaarde heeft. 
Volgens de meeste theoriëen zou induceerbare verdediging alleen kunnen 
ontstaan wanneer dit kosten bespaart ten opzichte van permanent verdedigd 
zijn. Met behulp van laboratorium-mesocosms (Limnotrons, hoofstuk 5), vond ik 
dat Scenedesmus-kolonies verhoogde sedimentatiekosten ondervonden onder 
vrij natuurlijke omstandigheden; deze hadden een duidelijk effect op de 
pelagische biomassa van Scenedesmus (hoofdstuk 6). Kolonievorming heeft dus 
duidelijke ecologische kosten. Aanvullende biotoetsen lieten zien dat kolonies 
uit elkaar begonnen te vallen onder lichtgelimiteerde omstandigheden, wat 
duidt op (fotosynthetische) onderhoudskosten van kolonies. Ondanks de kosten 
van induceerbare kolonievorming duurde het uiteenvallen van kolonies relatief 
lang. Deze kosten blijken echter nog steeds veroorloofbaar vergeleken met de 
hoge kosten van opgegeten worden door Brachionus. 
Een gangbaar voedselwebmodel werd geanalyseerd, met daarin soorten 
met òf geen verdediging, òf met permanente, òf met induceerbare verdediging. 
De analyse liet zien dat zowel voedselketens met onverdedigde als permanent 
verdedigde soorten een klassiek, trapsgewijs patroon vertoonden bij verrijking 
met voedingsstoffen. Dit houdt in dat de plantenbiomassa toeneemt met 
toenemende verrijking, totdat er voldoende planten zijn dat herbivoren ervan 
kunnen leven. Bij verdere verrijking wordt de plantenbiomassa op een constant 
niveau gehouden, terwijl de herbivorenbiomassa toeneemt, totdat ook 
predatoren kunnen leven van de herbivoren. Met voortgaande verrijking nemen 
de predatoren toe, deze houden de herbivoren op een constant niveau, zodat 
uiteindelijk de planten ook weer toenemen. In tegenstelling tot dit voorgaande 
patroon lieten voedselketens met induceerbaar verdedigde soorten met 
verdergaande verrijking een geleidelijke biomassatoename van alle trofische 
niveaus zien, ongeacht de lengte van de voedselketen. Tegelijkertijd zagen we 
ook een toename van het belang van bottom-up-sturing (sturing middels 
voedingsstoffen of licht; hoofdstuk 7). 
Experimenten gericht op de dynamiek van bi- en tritrofe voedselketens 
met onverdedigde en induceerbaar verdedigde algen lieten sterke 
populatieschommelingen zien in voedselketens met onverdedigde algen, welke 
niet voorkwamen wanneer algen induceerbare verdediging vertoonden 
(hoofdstuk 8). De sterke schommelingen in de tritrofe voedselketens zonder 
soorten met geïnduceerde verdediging leidden soms zelfs tot het uitsterven van 
de predator. Dit laat zien dat induceerbare verdediging de stabiliteit van het 
systeem doet toenemen door het verhinderen van sterke 
populatieschommelingen, en daarme bevordert induceerbare verdediging het 
voortbestaan van soorten.
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